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Editorial 


Variation 

Individual variability of orpnisms is something which 
is forced on the attention of biologists. It is not merely a 
nuisance in the formulation of generahzations about living 
things. It is a property which requires investigation on its 
own account because it is fundamental to evolution, and 
in fact to every aspect of human control of the organic 
world. Professor Haldane’s article is an important contri¬ 
bution to thinking on this subject. Inevitably he has had to 
assume a knowledge of elementary genelical terminology 
in one section of the article, and perhaps we might refer 
readers unfamiliar with the terms to the Penguin Dictionary 
of Biology. 

Skin grafting in cattle 

Another aspect of the same problem of individual differ¬ 
ence is the subject of Billingham’s account of the surprising 
outcome of transplanting skin between cattle twins. The 
existence of individual differences has been capitalized in a 
remarkable way by many animals: each has a mechanism 
which attacks all cells belonging to other individuals though 
completely tolerant of its own. Normally this antibody 
mechanism is likely to be let loose only on invading 
parasites, but experimentally it will attack practically all 
foreigners. A glimmer of light on how this extraordinary 
power develops in each individual is appearing from work 
on cattle blood and skin. 

Copper fungicides 

Professor Wain’s article on the mode of action of copper 
fungicides illustrates the same trend in the search for bio- 
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EDITORIAL 

logically active substances as did H, O. J. ColUer's article in 
wfw Biology 11. At one time such substances were foun 
by chance ftone. or by the systematic testing 

coUe^ues have undertaken help to elucidate 
which chemical characteristics of a substance give it which 
desirable biological properties. Such work opens a ration 
way to making quite new fungicides of predictable powers. 


Octopuses 

Dr Rees’s article on octopuses in the channel is of ^picm 
interest, for. as holiday makers will know, these French 
visitors made festival on our shores in 1951. Rees s invesu- 
sations show that they were in fact probably celebrating 
the warmth of previous winters which allowed their num¬ 
bers to increase. We are glad to have the opportunity of 
publishing some of Dr D. P. Wilson’s well-known photo- 
graphic studies of marine animals to illustrate this article. 

Biochemistry attd Bacteria 

Bacteria are not excitingly complex or varied to look at. 
and traditional morphological classification allocates them 
a humble place amongst the groups of plants. But to the 
biochemist they comprise as much variety as all the rest 
of living things put together; they are a vastly diverse group 
fully equal in status to the plant or animal kingdom. Partly 
because of their chenaical variety, partly because of their 
suitability for experiment, they have contributed greatly 
to the construction of the biochemist’s view of life which 
is perhaps on the way to achieving a major synthesis in 
biology. It is really about this emerging view of living things 
in general, with bacteria as the source of his inspiration, 
that Perret has written ‘Biochemistry and Bacteria’. 

The Origin of Life 

Any discussion of the most generalized properties of 
living things directs attention to the ultimate origin of those 



8 


NEW BIOLOGY 12 


properties. We are very fortunate to be able to publish a 
manuscript of the late V. M. Goldschmidt, one of the out¬ 
standing scientists of this century, and one uniquely quali¬ 
fied by his knowledge of the chemistry of the earth to 
contribute to the framing of hypotheses about the origins 
of living things. An important recent event in lliis field has 
been the publication of Bernal’s stimulating book The 
Physical Basis of Life-, it has caused us to depart from 
precedent and to publish an essay review. Pirie’s astringent 
comments on the limitations of knowledge both about what 
living things are now, and about what the world used to 
be like, are a sobering influence in a field where imagina¬ 
tive speculation is essential but liable to run wild. 

The Frog's Heart 

Instead of a Famous Animal we have in this number a 
famous organ system - the heart of the frog. Many arc the 
biologists who have had to learn, for examination pur¬ 
poses. the elaborate mechanisms by which what were sup¬ 
posed to be oxygenated and deoxygenated streams of blood 
were supposed to be directed in what was supposed to be 
the most advantageous manner. Thanks to the researches 
of Foxon and others, a simpler and truer story can now 
be told. The history of the frog’s heart shows how easily, 
when a hypothesis is found acceptable, the ifs and an’s of 
it are soon forgotten. It comes as a shock when hard ex¬ 
perimental results demonstrate what should never have 
been forgotten, that what is supposed may differ widely 
from what is. 

M.L.J. 

M.A. 

Department of Anatomy and Embryology, 

I 'niversity College. London. 

October 1951 



Variation 


J. B. S. HALDANE 


IF we examine a group of animals or plants belonging to 
the same species we find that they are not all alike. Some 
of the differences are merely due to age; but if we compare 
individuals of the same age. many differences remain. 
Most plants vary more obviously than most animals. For 
example, the number of leaves or flowers is not fixed, like 
the number of an animal’s teeth or toes. But the more you 
study an animal species the more differences you can find. 
Now the study of these differences is important to us for 
several reasons. Human beings are different from one 
another. We learn to recognize hundreds or even thousands 
of faces. Finger prints are an even surer means of recogni¬ 
tion than faces. Much more important are the differences 
in human performance. Some people contribute to the com¬ 
mon good, others do the opposite. There is, unfortunately, 
little agreement as to the classification of our species from 
this point of view. 

The improvement of cjop plants and domestic animals 
has certainly been based, in part, on breeding from those 
which varied in a desired direction; and almost all theories 
of evolution, Lamarck’s as much as Darwin’s, postulate 
that the differences between living species and their extinct 
ancestors arc of the same kind as the differences between 
living members of a species. 

Let us look at the variations which we find in the animals 
or plants of a representative wild species in a given area 
(for a reason which will appear later, domestic animals 
and plants are a special case.) We can roughly divide 
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the variations into continuous and discontinuous. The most 
obvious example of a discontinuous variation is sex. Most 
animals are males or females. Intermediates of sever^ 
kinds occur, but they are rare. Sex differentiation is much 
rarer in plants, though it occurs, for example, in yews and 
dog mercury. Some hermaphrodite plant species have two 
morphologically distinct types such that sexual union be¬ 
tween members of the same type is difficult or impossible, 
for example the thrum and pin forms of the primrose or 
Forsyiliia. Others, like the purple loosestrife, have three 
such forms. When we study physiology as well as mor¬ 
phology discontinuous variation turns out to be very com¬ 
mon. For example, all men belong to one of four blood 
groups, and it is safest to take blood for transfusion from 
a member of one’s own group. Many plants, such as red 
clover and cherries, fall into groups such that unions within 
the same group arc sterile. The difference is on the bio¬ 
chemical level, not the morphological one. Sometimes one 
of the groups is so rare as to be regarded as a freak. Thus 
about one person in fifty thousand is a dwarf of the type 
called achondroplasic, with short stout limbs and a pecu¬ 
liar facial expression. There are other kinds of dwarf, but 
the achondroplasic is a clearly marked type. 

However, most variation is at least apparently continu¬ 
ous. We can find adult men of every height over a wide 
range, and their hair colours arc about equally continuous. 
The same is true for their scores in intelligence tests. A 
special branch of statistics deals with such continuous 
variation. 

Some of these differences arc not even roughly fixed 
during a lifetime. Men and women can become sunburned, 
fat, or grey-haired; men may become bald; oysters can 
even change their sex. Many of these differences, once they 
have developed, are nearly fixed, though our hair goes 
on darkening till it turns grey, and our stature diminishes 
after about 25 years. Some, like human sex and blood 
group membership, seem to be quite unchangeable. (Legal 
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changes of human sex are based on incorrect assignment 
of abnormal babies which is later corrected.) 

Now these differences are determined in two different 
ways. Like almost all distinctions in biology, that which I 
am going to make is not quite sharp. Some differences, for 
example that between a green plant grown in good light 
and an almost yellow one grown in partial darkness, or a 
normal puppy and one with rickets due to lack of Vitamin 
D, are obviously due to differences of environment, or. as 
Gallon called it, n urtur e. Others, for example those be¬ 
tween the skins and hair of a European and a Negro, or 
between the builds of a greyhound and a bulldog, are 
equally obviously determined by their parentage. These 
differences can be said to be due to heredity, since the 
Negroes, greyhounds, and so on. resemble their parents. 
But there are other genetically determined differences 
which are not due to heredity in the ordinary sense of the 
word, the difference between the sexes in most animals, 
for example. Again, some married human pairs are so 
constituted that about a quarter of their children will be 
amaurotic idiots, doomed to bUndness and early death. As 
no such idiot has ever bred, the character is not inherited 
in the ordinary sense of that word; but it is genetically 
determined. Differences which are determined from the 
moment of fertilization are said to be due to differences 
of nature. 

However, most characters are determined both by nature 
and nurture. If you want a high milk yield from a cow you 
must get one from a good milking breed, and you must 
feed her well, milk her several limes daily, and so on 
Human stature certainly depends on both nature and nur¬ 
ture. So docs human mental and moral performance. 

It is very hard to disentangle the effects of nature and 
nurture. Wc can make nurture relatively constant by put¬ 
ting plants in the same soil, with the same amounts of 
light, rain, and so on, and equally exposed to, or protected 
from, grazing animals, fungal spores, and other dangers. 
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We can do much the same with animals. The variation 
which still appears is largely due to differences of nature. 
We can also make nature relatively constant in three differ¬ 
ent ways. We can take cuttings from a plant, and ^ow 
them in different soils or with different light intensities. 
We can do the same sort of thing with animals which 
multiply by budding like a sea anemone, or partheno¬ 
genesis like an aphid. The differences within such a popu¬ 
lation. which is called a clone, are rarely inherited. With 
some plants and animals we can make a population of 
very uniform nature, called a pure line, by prolonged in- 
breeding. Again, differences within it are rarely inherited, 
but members of pure lines are often weak, infertile, or both; 
and we can generally make a much more vigorous but 
genetically homogeneous stock by crossing two pure lines. 
The first cross is uniform, but if one breeds them together 
or crosses back to either pure line there is a great deal of 
variation. 

It turns out that differences due to nurture are very 
seldom inherited. Even Lysenko (1949) agrees that this is 
rare. No one with any knowledge of genetics thinks that 
they are never inherited. For example, many plant seed¬ 
lings. when treated with colchicine, double their chromo¬ 
some number. The resulting plants are often bigger and 
more frost resistant, though usually less fertile. This char¬ 
acter of teiraploidy is strongly inherited, but most geneti¬ 
cists think that such cases are exceptional. 

Now nature and nurture interact in a very complicated 
way. At first sight we are inclined to say. * Breed A of cows 
gives more milk than breed B. and cows give more milk 
in environment X than environment Y’. If this were true 
one would only have to put Jersey cows on the Scottish 
Highlands and the South African veldt to improve the milk 
production of Scotland and South Africa. But in fact breeds 
of animals and plants are adapted to particular climates 
and soils. For each environment there is probably a best 
breed, and for each breed a best environment. A less known 
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fart k this The wild type of an animal or plant species 
is generaUy fairly stable, in the sense that its appearance 
anf performance"^ are fairly aUke in a variety of envirom 
menis. Types which differ in their nature from the wild 
type tend to be more variable in their response. A wi yp 
Drowphila looks much the same in almost any 
though if it is badly fed as a larva .t is rather small. A 
mutam type may have normal wings if its larvae are kept 
cool, and undersized ones if they are kept warm, or vice 
versa A Jersey cow will give more milk than a Galloway 
if kept on a good meadow, less if kept on a Scottish moo^ 

In fL we have selected our domestic animals for the 
capacity for variation in response to environment, and try 
to keep^them in environments where the variation is in the 

desired direction. , , 

We can now,begin to ask questions 

lure, but a great deal is not. In some species the variation 
found within a population Uving in a small area 
conspicuous and discrete, that is to say the ■■'dividuals 
can easily be classified into several different classes. For 
example, our snails Cepea hortensis and nemoralis can be 
banded or unbanded, and the dark bands may be on ye low. 
brown, or pink backgrounds. The wild foxes yulpes fulva 
of Canada are of the ‘ red smoky, cross, and silver types. 
Such populations are called polymorphic. Again, the ani¬ 
mals or plants in different regions may differ markedly, 
but yet be capable of crossing so easily that they are re¬ 
garded as belonging to the same species. For example the 
great crcslcd newts, Triturus cristcitus, of Englanu* lave 
much rougher skins than those of Italy, and this dil cicncc 
persists after several generations in the same laboratory, 
but they hybridize readily. Such species arc called 
typic. In some plants the races found on different soils 
or in different environments quite close together differ gen¬ 
etically. for the differences persist, at least in part, wien 
they are grown side by side. This occurs most easily in 
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plants where reproduction is largely vegetative. It is less 
common where pollen or seeds may be blown for many 
miles, as w'iih the pines. It is rarer in animals. The most 
striking case so far found is by Sheppard and Cain (1950) 
in snails, which move so slowly that populations in woods 
a few miles apart are as effectively separated as voles on 
different islands. 

Man is both polymorphic and polytypic. The individuals 
of a nation, even of one which, like Norway, has had very 
little immigration for thousands of years, still differ greatly, 
and ihesc'differences are largely determined genetically. 
Man is also polytypic. Norwegians differ obviously from 
Chinese or Negroes. 

Dotnestic animals are extreme examples of polytypicism. 
Greyhounds and bulldogs remain separate because they 
have little more chance of mating than the voles of the 
Orkneys and the mainland of Scotland, which also differ 
genetically. More accurately, if they do mate, the puppies 
arc drowned, or at least not further bred from. The excep¬ 
tion to the rule is the domestic cat. which is highly poly¬ 
morphic as regards colour and hair length. The colours 
have been analysed genetically, and Searle (1949) found 
that the various combinations in London street cats were 
in just the proportions expected if different types mated 
at random. For example, while patches were no commoner 
and no rarer in black than tabby cats; but just because we 
hnd it so hard to control the mating of cats there are no 
breeds with striking differences of conformation like the 
greyhound and the bulldog. 

The reasons for polytypicism in wild species arc prob¬ 
ably much like those in domestic animals and plants. 
Natural selection has produced results like those of arti¬ 
ficial selection, though a great deal more slowly. Among 
the more striking adaptations to eiuironment are those in 
different races of plants and animals with a sharp annual 
cycle, for example trees which must shed their leaves be¬ 
fore they are nipped off by a severe frost, or frogs which 
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must not lay their eggs until the ponds have ceased freez¬ 
ing over. The physiological character of shedding the leaves 
when the night reaches a certain length (for leaf shedding 
is often controUed by night length) is far more important 
than the small structural differences which a taxonomist 
notices. But it can only be detected by an experiment such 
as covering the tree with a tarpaulin an hour before sunset 
to make it shed its leaves. 

This is not a treatise on natural selection, but a briet 
essay on variation. Darwin (1878. p.6) thought that varia¬ 
tion was, at least in part, due to the constant action of 
environmental differences in provoking new variation which 
was to some extent inherited. We now know that this cause 
is much less important than he thought, and the question 
arises: ‘Why does not natural selection pick out the most 
favourable combination of genes in each particular environ¬ 
ment. so as to abolish polymorphism even if it promotes 

polytypicism? ’ . 

The earlier geneticists were content to answer the ques¬ 
tion why a population of plants or animals differed in 
nature by saying ‘ because they have different genes . Foi 
example, in England about 49 per cent of us belong to 
Group O. 40 per cent to Group A. 8 per cent to B. and 
3 per cent to AB. Similarly, about 4 per cent of us are 
red-haired, and most red hair seems to be due to a re- 
cessive gene; and so on. Fisher (1930) poinicd out that i 
genes arc neutral from the point of view of selection, varia¬ 
tion will persist in large populations, and wrote of the con- 
servation of variance*. But this will not help us much. i 
may be, though I doubt it, dmt unless you happen to 
a transfusion of the wrong blood, it makes no dil crciicv 
to your survival whether you belong to Group ^ . 

But if so, then this variation is of no importance from t 
point of view of natural selection. The question to e 
answered is why some men. animals, or plants, 
gene, and some another, even though this does ma c 
difference to their survival or fertility. For only genes w uc 
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affect survival or fertility can furnish the raw material for 
natural selection; and natural selection is a reality. On the 
whole it weeds out the most abnormal members of a pop¬ 
ulation. Babies much heavier or much lighter than the 
average are far more likely to die in their first few days 
of life than babies of normal weight, even when we do not 
count those born prematurely or too late; and birth weight 
is at least to some extent determined genetically. Of a 
number of sparrows picked up after a heavy snowstorm, 
those that died were more variable than those which sur¬ 
vived. They had not got much longer or shorter wings on an 
average. There are plenty more examples of this kind. 
Natural selection is constantly pruning a population, and 
tending to reduce its variation. 

I think there arc about nine distinct reasons why genetic 
variations can exist in a population. 

1. A gene may vary along a dine in space. As we travel 
southwards in Europe the genes for dark hair on the 
whole become commoner. There are blonds in Spain and 
brunettes in Norway, but they are exceptional. Similar 
dines are found in bird coloration. Probably dark pig¬ 
ment is of some value as a protection against sunburn, and 
if there were no migration the human dine would be much 
sharper. If ilie Norwegians were isolated for ten thousand 
years the bruneiics might die out. A good deal of the 
variation both in men and in animals and plants is due 
to racial mixture, but to say that all of it is so caused is 
to adopt one of the sillier Nazi theories. Skull shape is 
just as variable in ancient German cemeteries as in modern 
ones. Isolated animal populations are sometimes very vari¬ 
able. The Islay shrew Sorex i’ranii is the only British mam¬ 
mal with a variable number of molar teeth, except as a 
rare aberration. 

2. A gene may be in the course of replacing another 
one. This is what happens in the course of evolution. For 
example, a number of moth species in industrial areas in 
England and Germany have gone black. At first the black 
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form was a rare aberration. Then it spread, and finally re¬ 
placed the lighter form, but for a while the moths were 

polymorphic. 

3 A gene may be harmful, but constantly appearing 
by muiation, which just balances natural selection. For 
example, in man achondroplasic dwarfism is due to a 
gene for which dwarfs are heterozygous, so about half the 
children of such a dwarf are dwarfs. But as dwarf women 
are badly injured by childbirth, though the men are quite 
fertile, and as most such dwarfs die in the first year of 
life, the gene would disappear in a few generations if it 
did not reappear by mutation in normal people. Only about 
a fifth of these dwarfs have a dwarf parent. The other four- 
fifths are born to normal parents, so to gel rid of the 
character it would be little use to kill or sieriUze all dwarfs. 
We should have to learn how to prevent this kind of muta¬ 
tion At least one disease causing mental defect behaves 
in this way. as Gunther and Penrose (1935) showed. The 
conflict between mutation and selection is a major cause 
of rare abnormalities, both in men, animals, and plants, 
but I doubt if it has much to do with normal variation. 

4. If we have a pair of allelomorphic genes A and a. 
then if the ho piozveo te A A is fitter than the hcicrozygoie 
Aa and the homozygole aa. the gene a will disappear fairly 
quickly. If AA and Aa are equally fit and aa less so. the 
gene a will disappear a good deal more slowly, but will 
do so in the long run. Similarly A will disappear if 
least fit. But if the heterozygotc Aa is filler than either 
homozygote, there will be an equilibrium, and neither gene 
will disappear. Such equilibria in nature have been demon 
strated in insects for single genes by Fisher (1930). and lor 
blocks of genes held together by an inversion by Dob/han- 
sky (194?) and his colleagues. Teissier (1942) 
have studied them In the laboratory. Penrose (194 ) nn 
that they explain the wide variation found 
human mental capacities. Note that this kind of cqui 
can ocur only when heierozygotcs differ in some 
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from homozygoles. Complete dominance excludes it 

5. Even where dominance is complete, a similar equi¬ 
librium may occur with sex-linked genes. Suppose that a 
sex-linked recessive gene increases the Stness of males, 
but diminishes that of females, in a species like man or 
most Drosophiiae where the male has only one X-chromo- 
sorae. If it is very rare it will increase in frequency until 
there are an appreciable number of homozygous females. 
If it lowers the fitness of females sufficiently there will be 
an equilibrium. 

6. A gene which raises the fitness of pollen tubes carry¬ 
ing it will spread through a population of higher plants, 
even if it kills off the diploid plants when homozygous, or 
makes them completely sterile. Here, too, an equilibrium 
may be reached. 

7. Several types of equilibrium may occur when inheri¬ 
tance is not Mendelian. Thus in several species of Droso¬ 
phila natural populations contain peculiar X-chromosomes 
which, in males carrying them, multiply more quickly than 
the Y-chromosomes. so that such males have many more 
daughters than sons. However, females with two of these 
chromosomes are very sterile, so, as Wallace (1948) showed, 
a stable equilibrium is reached. Ostergren (1945) found a 
similar case in rye, where a chromosome fragment, whose 
presence lowers fertility, manages to get into more than 
half the pollen grains of heterozygotes. 

8. I have so far assumed that the relative fitness of two 
genotypes does not depend on their frequency. That is what 
Darwin assumed when he wrote of the survival of the fittest. 
But let us consider the case of mimicry in butterflies. Sup¬ 
pose we have a distasteful model with striking coloration, 
and a commoner species which is quite palatable. If a gene 
turns up in the common species which makes its members 
look like the distasteful one. but has some slight disadvan¬ 
tage (perliaps making the females less easily recognizable 
by males of their own species) then this gene may spread 
as long as it is fairly rare. But the more butterflies with the 
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conspicuous ‘ warning pattern ’ are palatable, the longer it 
will lake birds and monkeys to learn not to eat them. ^ 
an equilibrium may be reached. Ford (1933) described wild 
populations of several butterflies where some but not all 
females of the palatable species resemble the unpalatable 
one, and the difference depends on a single gene. Haldane 
(1949) described a hypothetical case of this kind where 
disease resistance was the character selected. Here a rare 
biochemical type is advantageous so long as it is rare; but 
if it becomes common, the pathogenic organism can evolve 
so as to attack it, and it loses its advantage. 

9. Finally, there may be cases where the genes concerned 
are nearly neutral, their selective advantages being of the 
order of magnitude of their mutation rates or smaller. If 
so the frequencies of different genes would largely be deter¬ 
mined by mutation rates. 

There are plenty of other cases where at first sight an 
equilibrium might be expected to occur; for example a gene 
might lower the fitness of males and raise that of females. 

I have examined a number of such cases mathematically, 
and usually find either that there would be no equilibrium, 
or that it would be unstable. 

I suspect that in most species the main cause of persistent 
genetical diversity is (4). As a result, inbreeding is generally 
harmful, for inbreeding lowers the frequency of helerozy- 
gotes. Further, we have an explanation of the effect of 
natural selection in weeding out extreme types. They arc 
destroyed not entirely because they are too large or loo 
small, loo clever or too stupid, but because they are too 
homozygous. In fun^ where genetically different nuclei can 
live together in the same hypha, there is a similar situation. 
Heterokaryosis, as it is called, can confer the same kind 
of advantage as heterozygosis. 

In all cases genetical variation turns out to be due to 
a conflict of some kind. Natural selection, if unopposed, 
would give rise to a species all of whose members were of 
the genotype which was fittest in the given environment. 
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Us action can be opposed by migration, mutation, or segre¬ 
gation. The last is. perhaps, the most important. There is 
no way of producing a species all of whose members are 
heterozygoles for a number of gene pairs Aa, Bb, and so 
on. However, if two diploid species are crossed and the 
chromosome number of the hybrid doubled, they may form 
a stable allotetraploid with a set of chromosomes from 
each species. Such a new species may have two A genes 
in one chromosome set and two a’s in the other, thus 
achieving a sort of heterozygosis without segregation. 

This notion of a fruitful conflict, which Darwin applied 
to the struggle for life both within a species and between 
species, can thus be applied not only to evolution but to its 
prerequisite, genetical variation. This seems to be in accord 
with dialectical materialism, as developed by Lenin (1915). 
However, at the present time the majority of the followers 
of Lenin take a diiferent view. 

We have seen that genetical diversity arises by mutation, 
and is preserved by a conflict in which natural selection is 
opposed by other processes. Wc have now to ask what sort 
of variation we may e.xpect in a given species. Darwin 
(1878, p. 125) stated that ‘Distinct species present analo¬ 
gous variations’, and quoted B.O. Walsh as having formu¬ 
lated the ‘law of equable variations’, in insects. Unfor¬ 
tunately The Origin of Species lacks a bibliography, so I 
have been unable to read Walsh’s work. Vavilov (1922) 
reformulated Walsh and Darwin’s conclusion in his ‘Law 
of Homologous Variation’, with very numerous c.xamples. 
As soon as comparative genetics were studied it was found 
that similar abnormal characters were often inherited in the 
same way in dilTerent species. For example, in many mam¬ 
mals albinism is recessi\e. and the same gene which can 
mutate all the way to albinism can mutate less completely, 
giving intermediate forms such as the chinchilla and Hima¬ 
layan rabbit, the silver and Siamese cat, and so on. Simi¬ 
larly. recessive chocolate forms are found in the mouse, 
rabbit, guinea pig, dog. and so on; recessive long-haired 
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forms in the guinea pig. rabbit, cat and dog. ^ 

more the genes concerned are often located in homologous 
chromosomes. Haemophilia is a sex-linked ri^^^sive m bo h 
man and dog. Albinism, and pink eyes with 
are due to recessive genes in the same chromosome both m 
Se mouse and rat. In different Drosoph.la species large 

numbers of homologous genes have been found. 

Haldane (1927) look the view that homologous 
occurred in related species simply because they 1 '^ smular 
sets of genes which could mutate in correspond mg wa>s. 
Jig the same sort of variation. He thought that ^ 
homology, probably with a biochemical basis, would p;n e 
to be more fundamental than structural b°nt°'ogy Jh s 
unduly simple theory was shown to be ■nadequa e 
bv Hyland (1933) who found tliat homologous structures 
ll related species of cotton could be controlled by quite 

“ rfcemly Spurway (1949, has produced facts which 

put the Walsh-Darwin-Vavilov Scnerahz.atio Muile^^a 

new perspective. She notes that in Drosop of 

a parlular character (white hairs between the facets of 

the compound eye) has turned up as a resu . snecies 
genes on three different chromosomes. 

studied the character has not turned up a ‘‘ soecics. 

other phenotype is characteristic of this pa * ^ ^ 

More often the tendency to produce mu a 
ticular effect is characteristic of a genus, a v . 
a class. For example, birds can very easily grow large 

excrescences of flesh covered by nearly a c - 

heads and necks. Such are the combs o 

of pigeons, and the wattles of ^ But iheir 

variations within a species, or specific ch selective 

presence and shape are very nearly ncutra . ' forms 

point of view, as is shown by the fact that 

of comb occur in poultry which arc bred or c^g 

production. . „,,,,i|rv w 

That is to say, because ilicrc are genes m p 
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give them combs or alter the shape of their combs, we 
expect that genes with the same kind of function may 
turn up in other bird species; but they will not generaUy 
be homologous genes. Spurway discusses several possible 
explanations of this fact. The most likely one seems to be 
that in one group of animals a developmental process can 
be altered without affecting other developmental processes 
very seriously. In others the development is so integrated 
that this is impossible. For example, at least one of the 
genes for white eye hairs in Drosophila subobsctira also 
slows down lar\al development, so that the abnormal flies 
emerge from the pupae two or three days later than their 
normal brothers and sisters. Perhaps in other species such 
genes slow it down so much as to be lethal. 

It follows that the possible spectrum of variation in a 
group is determined not only by the genes which can mutate 
but by the developmental physiology. Perhaps a simple 
example mav help us to understand this idea. We have 
pink-eyed white varieties of rats, mice, rabbits, and guinea 
pies. We have no pink-eyed while varieties of poultry or 
lurkcNS. but such animals have turned up. and it is possible 
to rear them. However, a pink-eyed white hen cannot see 
seeds on the ground. It starves to death unless it is put 
down in front of a trough of grain. Birds rely so much on 
their sight that the partial blindness caused by albinism is 
almost lethal. This line of thought leads to the rather start¬ 
ling conclusion that a perfectly integrated animal could not 
cN’olvc at all. Every change in its development would be 
fatal. 

Variation as the result of abnormal nature and abnormal 
nurture is often fairly similar. Rudkin and Schultz (1949) 
are beginning to tind that they can make fairly good copies 
of the ctTccts of certain genes by feeding Drosophila larvae 
on a diet with less than the optimal amount of certain 
amino-acids and \itamins- In one of these cases we know 
that the genes in question act by blocking particular stages 
in the utilization of tryptophan. In fact as we know more 
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about the physiology of development wc may expect to be 
able to alter it by other methods in the same kind of way 
as it is altered by subslituting one gene for another. 

The variation possible in a species is one of us most 
important characters. The more we know about it the more 
we can say what evolutionary steps are possible to it. 
Which, if any, of these steps will be taken depends largely 
on their selective advantage, but there is nothing surprising 
in finding parallel evolution in related species, genera, or 
families. The surprising fact is that in some groups a par¬ 
ticular kind of variation is possible and even common, 
whereas in others it does not occur. For example, almost 
all mammals have just seven vertebrae in their necks, but 
sloths have anything from six to ten. One would expect 
to find more than seven in a giraffe, and less in a whale, 
but this is not so; the individual vertebrae are lengthened 
or shortened. It has been of no obvious advantage to sloths 
to have more or less than the normal number of vertebrae. 
When we know why this can vary in sloths and not in 
other mammals we shall know a great deal more about 
variation, and about evolution. 

Finally, there is a very remarkable fact about variation 
which is quite unexplained. That is its constancy within 
groups. Among the least variable structures in mammals 
are unworn teeth. Suppose we lake a number of corre¬ 
sponding teeth, say second upper right molars, from a 
number of foxes, and measure the distances between well- 
defined points on them, we find an average, and variation 
round it. In different mammals, say rats and lions, the 
averages will, of course, be very different, but the co¬ 
efficients of variation will almost always be about 5 per 
cent. To use a rather simpler terminology, the interquartile 
range will be about 7 per cent of the median. That is to 
say. if we take 101 teeth, and arrange them in order for 
the particular length measured, the difference in length 
between the 26th and the 76lh will be about 7 per cent of 
the length of the 51 si. And this is true for almost all teeth 
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of almost all mammals. Occasionally we find a very vari¬ 
able one like the human ‘ wisdom ’ tooth, but this is un¬ 
usual. In many cases this probably means that we are 
watching evolution in progress. Thus it is quite likely that 
our remote descendants will have no wisdom teeth. 

Bones are somewhat more variable than unworn teeth, 
because they grow while in use. and are affected by the 
use to which they are pul while growing. Most soft parts 
are a great deal more variable. Thus human girth is much 
more variable than human height, but once again the varia¬ 
tion of a given organ is usually much the same throughout 
a large group, with a few striking exceptions. 

When we consider the variation of several different char¬ 
acters together, we often find that they are correlated. This 
means that a knowledge of one helps us to predict the other. 
For example, if we know the length of a man’s right femur, 
we can predict that of his left femur. They are not likely to 
differ by as much as a centimetre. If we know the length 
of his femur we can also predict the length of his tibia, 
though not so precisely; and we get less information, but 
still some, about the length of his humerus and radius. 

For some reason there is a huge body of folk-lore about 
correlation. Red-haired people are believed to be quick¬ 
tempered, high browed men to be intelligent, and so on. 
These particular beliefs do little harm. Similar beliefs about 
the psychological characters correlated with dark skins and 
hooked noses have been responsible for millions of deaths. 
These beliefs lack scientific confirmation, except in so far 
as physical differences are correlated with differences of 
upbringing. 

Correlation would be a simple affair if. say. the length 
of the femur were on an average just 28 per cent of the total 
height, and so on, If this were so a group of men five feet 
high would simply be miniature versions of a group six feet 
high, and so on. rhi.s is not st>. Some organs crow more 
quickly than others, so shape chances with size This is 
obviously so if we compare old and^voung animals. Thus 
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a human baby’s limbs grow relatively more quickly than 
its trunk, and much more quickly than its head. On the 
other hand a calfs trunk grows relatively more quickly 
than its limbs; and similar rules hold, not only for stages 
in the growth of one animal, but for adult shapes. Teissier 
in France and Huxley (1932) in England developed the 
theory of allometry, or differential growth, and its conse¬ 
quences for the study of variation. 

The study of correlated variation in different organs is 
still in its infancy. It is possible, however, that when we 
know enough it will be possible to specify almost every¬ 
thing about an animal in terms of a dozen or so numbers. 
Possible, but not, in my opinion, very likely. One reason 
why I am sceptical is that ‘ factor analysis in human 
psychology has not been conspicuously successful. The 
other is that new techniques disclose new kinds of variation. 
For example, when blood transfusions began, men and 
women were soon found to fall into four groups, which 
have nothing to do with any other known characteristics; 
and already their bloods can be classified into a million 
or so different types. 

To sum up. variation is extremely hard to study, and 
we still know remarkably little about it; but we do know 
enough to say that it obeys a number of laws, and is not 
a matter of mere chance. We can state the average value 
of a particular character in a particular population; and 
we can sometimes say, at least roughly, why it has that 
average value, and why it varies round it. There is, of 
course, a large field where at present we can only speak 
in terms of probability. This is merely another way of 
saying that we are ignorant. But with every year the field of 
our ignorance is being reduced. Whether, as most modern 
physicists think, there are some events which we shall never 
be able to predict, is an open question. It is certain that we 
shall be able to predict a great deal more, and therefore 
to control a great deal more. 
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A Skin Grafting Problem in 

Cattle Twins 

R. E. BILLINGHAM 

Half-tone Illustrations between pp. 64 and 65 

Vse of Identical Twin Cattle: Problem of Distinction 

from Dissimilar T wins 

During recent years identical twins in 

much utilized for carrying out nutritional and other ph> sio 

logical studies, since by bringing up pairs j 

under carefully controlled conditions it is ^ 

Unguish between inherited and acquired ‘=h=iracter di h.r 
ences. In this country large scale experiments '^is tyP^ 
are being carried out by the Agricultural Researcli Coun 

cil-s Animal Breeding and Genetics course 

under the direction of Dr H. P. Donald. There 

two different kinds of twins. Ordinary, fra eriul “f 

gotic twins are due to the independent fertilization o 

separate ova and may be of the same or of 

They are no more likely to be similar m their 6="^ , 

stitution or in their appearance than are a pair 

siblings, i.e, ordinary brothers and sisters of scpara _ 

Identical or monozygotic twins on the f her hand Jed.it 

to the division at a very early stage of a si j ^ ,„^ptu- 

egg. and consequently they have the same f 

tion and are necessarily of the same sex. . 

physical or otherwise, between the envirmv 

of monozygotic twins are entirely attn u a appear 

mental innuences. whereas the arc 

between the members of a pair of dizyg 
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due to a combination of both genetic and environmental 
differences. 

Despite the great importance of identical twin cattle for 
research there is as yet no completely reliable objective 
method of distinguishing them from dizygotic twins, which 
latter arc very much more common. Twinning in cattle is 
infrequent, only about one per cent of all births being mul¬ 
tiple. and in only about five per cent of these arc the twins 
ideniical. The only method at present available for diagnos¬ 
ing monozygosity involves comparison of as many mor¬ 
phological and physiological characters as possible - the so- 
called ‘polysymptomatic similarity’ method which is that 
normalK used for determining the zygotic nature of twins 
in man. Recently the author and his colleagues. Professor 
P. B. Medawar of Birmingham University, and Messrs D. 
Anderson and G. Lampkin of Edinburgh, have allempled 
to devise a method for differentiating monozygotic from 
dizygotic twins by means of the interchange of skin grafts. 
An account of this work and its theoretical basis will be 
given in this article. No apology is offered for the numerous 
diversions that will be made into the realms of plastic 
surgery, immunology, endocrinology, etc., which, besides 
being relevant to the subject, will, it is hoped, be of general 
interest to the reader. 

Fate of Transplants of Homolot'ous Skin: Consequences 

The principle of the method which we hoped to employ 
to prove or disprove monozygosiiy is very simple. It is now 
generally recognized that skin homografls - that is skin 
grafts cut from one individual and transplanted to another 
individual of the same species -- although they normally 
give every indication of ha\ing hcaled-in perfectly at the 
beginning, do not long sur\'i\e transplantation between ani¬ 
mals of ordinary genetic diversity. For example, in human 
beings there is practically no difference in the final outcome 
whether skin grafts are transplanted between unrelated 
individuals, between parents and offspring, or between 
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ordinary brothers and sisters (i.e. between siblings); the 
grafts invariably break down sooner or later. Skin homo- 
grafts should therefore fail when exchanged between dizy¬ 
gotic twins, which, as we have said, are no more closely 
related genetically than ordinary siblings. On the other 
hand grafts exchanged between identical twins should be¬ 
have just like autografts - that is ^afts transplanted back 
on to the same individual from which they were cut - since 
the donor of the skin graft and its intended recipient are 
genetically identical. It is hardly necessary to add that, 
provided that certain purely technical requirements are 
satisfied, autografts of skin invariably ‘ take ’ or hcal-in, and 
survive for the remainder of the recipient’s life. Plastic 
surgeons have long been regretfully aware that skin homo¬ 
grafts can be grafted successfully only between identical 
twins. Such individuals are in a particularly privileged posi¬ 
tion in the event of one of them suffering extensive skin 
loss, as is illustrated in the following story. A young French 
soldier, soon after having a preliminary aulografting opera¬ 
tion after extensive skin loss due to burns caused by a 
phosphorus grenade, was alleged to have been seen walking 
round the hospital apparently in the best of health. In fact 
it was the patient’s identical twin who had been seen. Some 
of his skin was then used to complete his brother’s grafting 
operation with complete and permanent success. 

Just as blood groups were discovered through attempts 
to transfuse blood - a form of grafting - from one indi¬ 
vidual to another, so the subtle differences that in a some¬ 
what analogous manner differentiate the skin of one in¬ 
dividual from that of another were discovered only when 
surgeons attempted to give a person grafts of someone 
elses skin. Were it not for the fact that skin homografis 
cannot be transplanted with permanent success between 
ordinary human beings, we should have skin banks on 
a naiiori-wide basis just as we now have blood banks. Skin 
can easily be stored in the frozen stale for an almost in¬ 
definite period with its viability unimpaired; in fact it is 
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far easier to store than whole blood. Despite their limita' 
tioDS skin homografts are frequently used by the plastic 
surgeon, particularly in the case of badly burned children 
who have suffered extensive skin loss. By their temporary 
survival such grafts may tide the patient over a critical 
period by preventing loss of valuable tissue fluid from the 
raw tissues and the entry of infective organisms. For the 
permanent repair of such areas of skin loss the surgeon 
has to find sufficient skin from elsewhere on the patient’s 
own body. i.e. skin autografts, to cover the defects. This 
he usually achieves by cutting the necessary grafts in the 
form of sheets of skin so thin that the bases of the hair 
follicles are left intact in the donor area; from these the 
epithelium subsequently creeps up and grows over the 
denuded surface witliin about two weeks. A further crop of 
skin for grafting can then be harvested from the same donor 
site. Any form of treatment which would considerably or 
indefinitely prolong the life of skin uansplanted from one 
person to another would be of the greatest importance to 
the surgeon, especially in lime of war when extensive burn¬ 
ing is a common injury. An encouraging recent finding in 
this direction is that administration of cortisone, a'hor¬ 
monal substance isolated from extracts of the adrenal cor¬ 
tex. greatly prolongs the life of skin bomografts in rabbits. 

Reverting to the problem of twin diagnosis, there is one 
most interesting case on record in which skin grafting has 
been used to clear up a case of accidental exchange of 
infants in Switzerland. In 1947 the parents of six year old 
twin sons. Victor and Pierre, became aware of tlie existence 
of a third boy. Eric, who was so similar to their own son, 
Victor, that they might have been identical twins. On the 
discovery that the third child was born at the same clinic 
on the same night as the twins, suspicion arose that the 
babies might have been muddled and allocated to the 
wrong parents. A very careful comparison made it fairly 
certain that Victor and Eric were, in fact, identical twins, 
particularly since it proved that they possessed certain 
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minor anatomical anomalies in out 

conclusive test agreed upon was ev- 

bv Sir Archibald Mclndoe, the plastic surgeon. • 

Itged^small skin S-as between the ^hree b^^The 

gm^li 

twins. The authorities ordered an ° ‘ 

tuted children and there was a happy ending to the story. 

How Skin Homosralts Break Don'n: Facer, Intiaencin, 

this Process 

Having surveyed the skin homograft problem in out- 

s “ rrs =s ”Uirr.s*= 

r.t £ >.» “Kfj :;/;s. 

tViA onfi mav thicken considerably as its ecus proiucia 
and MW hairs and glands may form. De^jlc d'.s Pronus- 

SSHSiSiSb"S£ 

coloured and broken-down homografls become 

ivcly undermined by ingrowing ‘I 

which causes them to separate from their beds and sloug 

off as desiccated scabs. This apparently “"^8'.“*'='“' " 

which the body deals with a graft of somebody else s sKin 
however badly it may be needed, is believed to be due t 

r;resence of'circuLing antibody-hke - 

blood of the recipient, formed ,n respon e to l e presen^^ 
nf the ‘forcicn* cells comprising the graft. In s rc P 

: In an mal'to a transplam of - ,"7“ to n 

is rather similar to its response to infection with foreign 
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organic matter such as bacteria or viruses. In the case of 
infection highly specific substances, known as antibodies, 
are produced in the blood and tissue fluids in response to 
the foreign protein or polysaccharide material present in 
the infective agent. (Substances capable of eliciting the 
formation of antibodies are known as antigens). These 
antibodies then react specifically with, and inactivate or 
destroy, the antigens responsible for their formation. 

Professor Medawar has shown that immunity to trans¬ 
planted skin is not innate, but is actively acquired in re¬ 
sponse to the presence of a homograft. He has shown that 
the length of time for which a homograft survives varies 
inversely with the amount of skin that is grafted; the larger 
the graft, the shorter is its expectation of survival. We have 
already mentioned that the expectation of life of a homo¬ 
graft also depends on the genetic relationship between 
donor and recipient; the more similar they are genetically, 
the longer is the survival time. This genetic factor is very 
much more important than the dosage factor in determining 
the expectation of survival of a homograft. Once an animal 
has reacted to skin from a donor, it reacts very much more 
rapidly towards subsequent transplants of skin from that 
donor since it is now immunologically prepared as a result 
of its first encounter with the donor's cells. The blood 
vessels of a second set of homografts become disintegrated 
at a very early stage; the metabolic requirements of the cells 
comprising the grafts are not satisfied and they are unable 
to proliferate. However, a second graft of skin from a donor 
other than that wliich provided the first does not undergo 
this accelerated breakdown since the immunity reaction is 
highly specific toward the skin of the donor that elicited it. 

The Individuality of Blood Types; Relationship Between 
the Anth^ens of Red Blood Cells and Skin Cells 

Repeated allempl.s ha\'c been made to improve the outcome 
of skin honiografiing in iiumans by taking skin from donors 
having tlie same blood group as the intended recipient, but 
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these have been uniformly unsuccessful. In practically aU 
these attempts the donors and recipients have only been 
fdect'd so mat they had identity blood groups wtth 
resoecl to the A-B-O system of antigens. These are. or 
course clinically the most important of the antigens present 
on die surface of the red blood ceUs. since their presence 
or absence has to be taken into consideration when blood 
uan^usToL are given. It is the rule with these antigens 
fand the very rare exception with the others) that the anti¬ 
bodies are present ready made m the serum o mdiuduals 
who lack the corresponding antigen. Thus when gmng 
blood transfusion care must be taken to ensure that the 
blood group antigen of the transfused erythrocytes is not 
that lo^vhich the intended recipient already PO^s^scs th 
corresponding natural antibody m his plasma, ^nh i 
other Lies of known blood group antigens, which include 
the Rh and M-N systems, it is different; naturally occurring 
antibodies are not found, though they may be aruricially 
" as for example when a Rh-negative individual is 

given a transfusion of Rh-positive blood. 

^ In the A-B-O system of blood group antigens there are 
ten posLt genetU distinct types of hlood^deternnned 
by tL combination in pairs of the genes A- j " 

enormoS^ that the clianccs of finding even two individuals 

E “ isr. r =5-2 
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blood antigens may still await discovery. This seems 
very probable from what is already known about serologi¬ 
cal characters of chickens and cattle. In addition, the cells 
of skin itself may contain specific antigens not present on 
the surface of the red blood cells. There is now strong 
evidence for believing that the antigens responsible for 
blood transfusion immunity are either directly governed 
by nuclear genes or are direct gene products, each antigen 
corresponding to one particular gene. The same is probably 
true of the genes that govern the outcome of skin trans¬ 
plantation. 

Use of Ear Skin for Grafting Experiments in Cattle: 

Specificity of DiSerent Types of Skin 

Now that we have familiarized ourselves in some detail with 
the phenomenon of tissue transplantation immunity let us 
revert to the problem of twin diagnosis in cattle. 

In the various transplantation experiments to be de¬ 
scribed the grafts consisted of small discs of skin approxi¬ 
mately one centimetre in diameter and weighing about fifty 
milligrammes. Each graft comprised the thin outermost 
layer of the skin or epidermis, and practically the entire 
thickness of the very tough and fibrous inner layer, the 
dermis. These grafts were cut from the skin of the ears of 
the donor animal and transplanted to small defects cut to 
the appropriate size to receive them in the skin of the 
recipient animal’s ‘withers’, a region high up on the side 
of the chest. (Sec Plates.) Ear skin was selected for grafting 
since both to the naked eye and when thin stained sections 
of it are examined microscopically it can easily be dis¬ 
tinguished from the body skin to which it is transplanted; 
its surface is smoother, has a thicker epidermis and bears 
fewer hairs. It conserves these specific ear-skin qualities 
indefinitely after transplantation thus facilitating recogni¬ 
tion. It is an interesting fact that the differences between 
the various types of skin on the body are innate and not 
merely conditioned by their position; this has been demon- 
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strated by transplanting grafts of various types of skin 
to anatomically unnatural environments. For example, the 
^kirfrom the Lie of a guinea pig’s foot. ^ructure very 
similar to that of the human sole, when grafted to the 
animal’s chest, where it is secured from irritation and pro 
tected by hair from the surrounding skin, still continues to 
manufacture layer upon layer of thick now function- 
less cuUcle throughout the remainder of the an mal s tile. 
Ukewise thfepidermis of the cornea maintains its striking 
transparency even after transplantation to the environment 
characteristic of ordinary skin. In all experiments involving 

skin transplantation, by taking heed of ' 

conserve their specificity of skin type indefinitely, difficulty 
“Xtinguishing^a graft, even long ato it h- 
and settled down, never arises. In these ^aUle expen 
merns whenever possible grafts were cut from skin differing 
in Llour from that of the intended recipient area, for 
example, black ear skin grafts were 

skin regions and vice versa. One final fact in this con 
nexion fs that the orientation of a graft within its bed deter¬ 
mines the direction in which its hairs will slope when they 
grow out again; the plastic surgeon has to watch di'S whe 
^ving someone a new pair of eyebrows by transplaniation 

If hair-bearing skin from elsewhere ^^ 

For these operations on cattle no attempt was made to 
use a general anaesthetic; indeed, a cow would ‘‘equire a 
cooiLs amount of an anaesthetic such as ether and once 
unconscious would be exceedingly difficult h^ 
account of iu bulk. Our ‘ patients were 
onerativc after the area of skin to be operated had bi^en 

rendered insensitive by the injection of a 
though the actual injection of the gather sens,five skm on 
the ears was frequently somewhat troublesome and not a 
little hazardous in the case of larger animals. 

Exchange of Skin Grafts Between Unrelated Cattle 
As an essential preliminary to attempting to use skm 



34 


NEW BIOLOGY 12 


blood antigens may still await discovery. This seems 
very probable from what is already known about serologi¬ 
cal characters of chickens and cattle. In addition, the cells 
of skin itself may contain specific antigens not present on 
the surface of the red blood cells. There is now strong 
evidence for believing that the antigens responsible for 
blood transfusion immunity are either directly governed 
by nuclear genes or arc direct gene products, each antigen 
corresponding to one particular gene. The same is probably 
true of the genes that govern the outcome of skin trans¬ 
plantation. 

Use of Ear Skin for Grafting Experiments in Cattle: 

Specificity of Different Types of Skin 

Now that we have familiarized ourselves in some detail with 
the phenomenon of tissue transplantation immunity let us 
revert to the problem of twin diagnosis in cattle. 

In the various transplantation experiments to be de¬ 
scribed the grafts consisted of small discs of skin approxi¬ 
mately one centimetre in diameter and weighing about fifty 
milligrammes. Each graft comprised the thin outermost 
layer of the skin or epidermis, and practically the entire 
thickness of the very tough and fibrous inner layer, the 
dermis. These grafts were cut from the skin of the cars of 
the donor animal and transplanted to small defects cut to 
the appropriate size to receive them in the skin of the 
recipient animars ‘withers’, a region high up on the side 
of the chest. (Sec Plates.) Ear skin was selected for grafting 
since both to the naked eye and when thin stained sections 
of it are examined microscopically it can easily be dis¬ 
tinguished from the body skin to which it is transplanted: 
its surface is smoother, has a thicker epidermis and bears 
fewer hairs. It conserves these specific ear-skin qualities 
indefinitely after transplantation thus facilitating recogni¬ 
tion. It is an interesting fact that tlie differences between 
the various tj^es of skin on the body are innate and not 
merely conditioned by their position; this has been demon- 
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strated by transplanting grafts of various 'VP” 

fkin "he Lie of a guinea pig's foot, ■" 
similar to that of the human sole, when grafted to the 
animal’s chest where it is secured from irritation and pro- 
t«”d by ha from the surrounding skin, still contmues to 
manufacture layer upon layer of thick -d now fu ct.on- 
less cuticle throughout the remainder of the animal s liie. 
uLwise the epidermis of the cornea maintains its sinking 

s:r',e'.‘S.r:s 

in disunguishing a graft, even long after it ^xperi- 

and settled down, never arises. In these cattle cxpen 
menls whenever possible grafts were cut from skin differing 

^colour from that of the intended recipient area- for 
nip hlack ear skin grafts were transplanted to white 

mines the direction in which its hairs will slope when they 

usr a gercL? anaesthetic; indeed, a cow would rcqu.re^a 

copious amount of an anaesthetic ^ ^ handle on 
un^nscious would be exceedingly difficult to handle o 

“o“its bulk, our -'■".ireThadLLn 

operative after the area of skin to e P anaesthetic 
rendered insensitive by the mjcct.on of a 
though the actual injection of the rather scnsiti 
the ears was frequently somewhat troublesome and not 
Ultle hazardous in the case of larger animals. 

Exchange of Skin Crafts Between Unrelated Cattle 
As an essential preUminary to attempting to use skin 
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transplantation for purposes of twin diagnosis it was ob¬ 
viously necessary to confirm that skin homografts exchang^ 
between unrelated cattle of ordinary genetic diversity did in 
fact undergo the dramatic breakdown anticipated from 
studies on other mammals. Skin homografts were ex¬ 
changed between the members of a series of pairs of unre¬ 
lated animals, and in one experiment between members 
of a group of four unrelated animals of the same breed 



l-iU- 1, Diagiam showing how skin hemografts were exchanged 
belween a group of four unrelated animals of the same breed so 
that each animal both gave grafts to and received grafts from the 
other three calves. The figures indicate the number of grafts trans¬ 
planted. 


in such a manner that each animal exchanged skin grafts 
with each of the remainder as illustrated in Figure 1. In 
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every case the results were just as we had anticipated^ 
Though the grafts at first healed-in perfectly they soon 
became swollen and inflamed; in most cases breakdown 
was complete by abont the ninth day after transplantation, 
and onT/very rarely were there any living cells present in 
the epiderr^ls of the grafts after two weeks. The rapid, y 
with which these homografts elicited and succumbed to 

this immunological reaction was most 

ally when the exceedingly "'■nute dosages of fo e.gn skin 
th'it comDrised the grafts are considered in relation to tne 
0°Xrec1pienL In man. skin homografts usually sur¬ 
vive for about three weeks. In these experiments the actua^ 
number of homografts transplanted, i.e. the actual 
onoreLn sk"n. seemed to exert only a very slight influence 
on their^xpectation of life: even a single homograft seemed 
capable of eliciting almost the 

response of which the host appeared capable. These results 
were exceedingly encouraging to us and clearly indicated 
that the degree of genetic diversity existing between ordin 
1 V Unrelated cattle of the same or of dilTerent breeds - 

in our experiments mainly Ayrshires 

of them 3-6 months old and weighing 200-300 pounds 

was sufficient to bring about the rapid breakdown of 
grafts exchanged between them. 

Exchange of Skin Grafts Between Alleged Monozygouc 

Twins 

In the next series of experiments skin homografu^ weje 

exchanged in various dosages usua y separate 

grafts - between the two members of ^ | afl'save 
Snd unrelated pairs of alleged 

one pair being females. The provisional diagnosis ol tne 

zygotic nature of the twins used in ^ 

offiers to be described later was based e 

matic similarity method. In every pair ex p 

behaved just like autografts throughout ;he con^e able 

period of observation; in most cases not less than 
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months. In the e.xceptional pair, between which a single 
horaograft had been exchanged at a very early age. the 
animals as they grew up became sufficiently dissimilar to 
give rise to doubts as to the vahdity of the original classi¬ 
fication as monozygotic, though the homografts remained 
perfectly normal to outward appearance. Therefore, as a 
confirmatory measure, 560 days after the first operation a 
further ‘crop’ of twenty-four homografts was exchanged 
between them. About three weeks after this second opera¬ 
tion all the homografis on both of the animals showed 
signs of a very weak reaction which soon subsided and 
the grafts persisted thenceforward in a state of apparent 
normality. The occurrence of this surprisingly weak re¬ 
action confirmed the doubt which had arisen about the 
accuracy of the original classification. It was a little dis¬ 
concerting that the initiative for the rc-cxamination of this 
classification came, not from evidence obtained from the 
first grafting operation, but from appraisal by the similarity 
method. 

Exchange of Honwgrafts Betw een Alleged Dizygotic Twins 

of Similar Sex 

Now let us consider the fate of skin grafts exchanged be¬ 
tween the members of pairs of alleged dizygotic twins. 
Grafts were exchanged between the two members of seven 
difierent pairs of alleged dizygotic female twins. In the 
majority of these pairs the members were so obviously 
difierent with respect to their coat colour and other features 
that the likelihood of faulty classification seemed very 
remote. Contrary to what had been anticipated, in not a 
single animal did the homocrafts undergo the rapid, clear- 
cut breakdown such as when grafts were exchanged be¬ 
tween ordinary unrelated animals whose genetic disparity 
was beyond question. In all of these pairs of twins, irrespec¬ 
tive of whether there had been any indication of a reaction 
after the exchange of a ‘ first set ’ of grafts, a ‘ second set’ 
of grafts was subsequently exchanged and in several cases 
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even a ‘third set*, so that the animals ultimately received 
20 - 30 homografts in all. These repeated exchanges of skin 
were carried out in the hope that increasing the actual 
dosage of ‘ foreign ’ tissue borne by the 
elicit or at least augment the reaction which the ntst set 
of homografts had apparently failed to provoke. In four 
of these seven pairs of animals there was not the slightest 
visible trace of a reaction in the transplanted skin during 
r year or more that the animals were under close observa¬ 
tion So far as one could tell from naked-eye inspection or 
from microscopical examination of thin sections of grafts 
removed at intervals, the grafts were just like i“ttog^f‘s_ 
Only in the case of two pairs of animals was there evidenc 
of a distinct though considerably delayed, reaction (see 
Plate). This culminated in the breakdown of the grafts in 
three animals, whereas homografts on the twin to one 
of these animals remained perfectly normal ^''^^^ShouL 
In the remaining pair of animals there was no more tha 

a suspicion of a reaction. 

Exchange of Grafts Between Dizygotic Twins of 

Unlike Sex 

To eliminate completely the very remote P“sibility that 
these anomalous results could have been ascnbcd to errors 

in classification, i.e. that the majority of these 
riaTt monozygotic twins, skin grafts were exchanged be¬ 
tween the two members of three entirely 
of twins of unlike sex: the dizygotic origin of thcs. animals 
was certainly beyond question. In one of these pairs, besides 
beTnrof dilTcrcnt sex the animals di^Tered profoundly Jith 

reSDect to their coat colour, one being bl 

whereas its twin was red and white. Six S'"? 

exchanged between the members of each ^ 

mals kept under close observation for ^ 

days. In none of the grafts on these animals ^ 

outward indication of a reaction at any 

feeble reaction was demonstrable in a graft k. 
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one of the animals after forty days for microscopical exam¬ 
ination. No similar reaction could be observed, however, in 
a graft removed at the same time from the animal’s twin 
sister. These results fully conhrm those obtained when 
skin grafts were exchanged between members of pairs of 
alleged dizygotic twins of similar sex, so that there is no 
justification for questioning the classification of the latter. 

In summary, the results obtained when skin homografts 
are reciprocally exchanged between the members of dizy¬ 
gotic twins in cattle show that (a) in the majority of cases 
the grafts remain perfectly normal throughout, and (b) in 
a few cases a reaction is elicited which is dilatory and feeble 
and does not always result in the destruction of the grafts. 

Exchange of Grafts Between Full Siblings of Separate Birth 
and Between Mothers and their Offspring 

One further possibility remains to be considered which, 
though improbable, could conceivably account for the 
anomalous behaviour of these homografts. It is that the 
animals used, though unquestionably dizygotic, had as 
members of well-known breeds of cattle become sufficiently 
inbred for successful skin interchange between them to 
be possible in the majority of cases. This hypothesis seems 
highly implausible in view of the evidence already presented 
concerning the very rapid breakdown that homografts 
undergo when exchanged between animals which, though 
unrelated by family, are of the same breed. Moreover, in 
highly inbred strains of mice it is known that the degree 
of genetic uniformity required before tissue can be suc¬ 
cessfully interchanged between some members at least, 
is obtainable only after some ten or more successive genera¬ 
tions of random brother-to-sister matings. Fortunately it 
was possible to test this rather doubtful hypothesis experi¬ 
mentally. In the case of two unrelated pairs of alleged 
monozygotic twins, both females, a younger full sister (i.e. 
having the same father and mother) of single birth was 
obtained. When skin grafts were exchanged between the 
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animals in each of these trios, so that each animal both 
gave and received skin from its two sisters, as illustrated 
in Figure 2, the grafts which the young sibling received 
from each of her' big' twin sisters broke down within about 



Fig. 2. Diagram showing 

JurrsinL^STT^^ nguj:r,n“lc:.e' me number ct grails 
transplanted. 


two weeks, as did the grafts ‘hat they received from her 
The crafts exchanged between the twin sisters survivea. 

U wa! also found that grafts exchanged 

their offspring also underwent a rapid ^reakd ’ . j ^ 

tive of whether the offspring were of 

whether they were dizygotic twins_ These fin g 

pletely refute the ‘ inbreeding hypothesis . 
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example of the effects of hormones on sex differentiation 
and development in mammals. 

Apart from being responsible for the freemartin condi* 
tion in the female member of cattle twins of unlike sex, 
tills union of circulatory systems in twin bovine embryos 
has another consequence which has recently been dis¬ 
covered. Although there are more than forty different gen¬ 
etically controlled red blood cell antigens in cattle and it 
is rare for ordinary siblings to have identical blood types, 
Owen and his colleagues in America have shown that in 
the majority of pairs of dizygotic twins the animals have 
identical red blood cell antigens. By subtle immunological 
methods it was found that each member of a pair of dizy¬ 
gotic twins possessed two distinct types of erythrocyte 
differing with respect to their antigens, whereas according 
to the ordinary rules of genetics each should have only 
one. Effectively the animals have two distinct blood types. 
Since red blood cells are themselves incapable of reproduc¬ 
tion. surviving for only a comparatively short p>eriod before 
being removed from the blood system and destroyed. Owen 
suggested that the embryonic precursors of these cells 
are exchanged between the twins during foetal life, as a 
result of the anastomosis between their blood systems. 
These naturally transplanted cells - they would in fact be 
cellular homografis - Owen suggests, persist and proliferate 
throughout the life of the animals, so giving rise to the 
condition whereby each animal has two types of red cells 
in its blood; one corresponding genetically to its own cells, 
the other to its twin’s. 

The strong indication that certain cells are normally 
exchanged between dizygotic twins during embryonic life 
and that they are apparently able to persist indefinitely 
into adult life offers a reasonable explanation of the anoma¬ 
lous fate of skin homografis exchanged between such ani¬ 
mals later in life. It may be supposed that the transfer of 
blood-forming cells results in a more general tolerance 
to subsequent interchange of other cells between the same 
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nartners It may seem a little surprising that the interchange 
of red cell precursors in foetal life should be able to confer 

tolerance to subsequent transplants of cells 

prise a very different type of tissue. Both leucocytes and 

Lin epithelial cells are known to share 

commL. since animals can be 

grafts from a donor by injecting leucocytes 

f few days before transplantation of skin grafts. Almost 

certainly leucocyte precursors are exchanged ^ . 

twins as well as the red cell precursors during embr>onic 
life Both types of cell arc in equally close relation to the 

dizygouc twins do occasi^t^ 
react to grafts of each other’s skm, though never with the 
vigour that they react to skin from Ihcir ordinary ^rothe 

or sisters. The occasional occurrence of these 

varying severity may be attributable to variation in the 

staTof embryonic development at which the vascular 

anastomosis is established, and also to the extent to which 
the two circulations are united. Similar explanations ha 
nretdously been advanced to account for the wide variation 
fn the degree of sexual abnormality found m freemartins^ 
Although it must be admitted that simple exchange of 
skin taffs cannot be used as a means of distinguishing 

between mono- and dizygotic twins ,n 

though rather specialized, use of this technique may be men 

tioned From w'^at has already been said dizygotic wm 
that do not establish vascular connexions during fo^l 
life should not subsequently tolerate grafts of each ot cr ^ 
skin Moreover the female member of a pair of unlike 
st shlTd not be a freemartin. Thus skin exchangc^my 

offer a means of differentiating between mTbe- 

and freemartins at an early stage, which is i' 
cause adult freemartins are sterile, and c e- 
discarded the better. In the few pairs of twins of ^ 
sex we have used tor skin exchange experiments, the 
females have tolerated skin from their brothers and vice 


NEW BIOLOGY 12 


4& 


versa. As anticipated these females proved to be freemartins 
at autopsy. 

An important general implication, arising from these 
recent studies on the immunological peculiarities of dis¬ 
similar bovine twins, is that cells immunologically ‘ foreign ’ 
to the host may be tolerated indefinitely provided that 
they are transplanted sufficiently early in embryonic life. 

This opens up new possibilities for research since it indi¬ 
cates how tissues may be grafted successfully between ani¬ 
mals of widely different genetic constitution. One of the 
most striking examples of the tolerance of embryos for 
foreign cells is seen in the chick before the eighteenth day 
of incubation. A wide variety of tissues from different 
species can be transplanted to its chorioallantoic membrane 
where they become penetrated and sustained by blood 
vessels and grow freely without evoking a reaction. It is 
as if the embryo is unable to recognize and resent contact 
with foreign cells in the way that the adult can. Foetal 
mammals and chick embryos are known to be incapable of 
antibody production, though capacity for this develops 
fairly soon after birth. Thus it may be that if foreign cells 
are transplanted to an embryo before the system respon¬ 
sible for Its capacity to produce antibodies and similar sub¬ 
stances has developed, that embryo will be subsequently 

incapable of recognizing and treating them as unwanted 
guests. 


Owen, aptly referring to the \ascular anastomosis nor¬ 
mally occurring between dizygotic bovine twins as ‘ nature’s 
experiment m parabiosis’, pointed to the fact that conse¬ 
quences of this phenomenon ‘other than endocrinological’ 
have received little attention. Are there further conse¬ 
quences yet to be discovered in addition to their possession 
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The Mode of Action of 
Copper Fungicides 

R. L. W A I N 

For centuries the growing of food crops has been one 
of the most fundamental of all human occupations. With 
the progress of civilization, the conditions in which food 
plants are grown have become more and more unlike those 
which occur in nature. Mechanical cultivation of the soil, 
however carried out. is highly unnatural, but such cultiva¬ 
tion becomes necessary if good yields are to be obtained. 
Again, crops have to be grown intensively. Plants which as 
a condition of their survival under natural conditions had 
developed an ability to withstand attack by diseases and 
pests, were taken from their natural environment and modi- 
lied by selection and breeding so that although they be¬ 
came capable of producing higher yields, they frequently 
showed a lower degree of immunity. Not only this, but 
large areas are devoted to the growing of particular crops, 
thus introducing conditions much more favourable to para¬ 
sitic attack. 

Disasters caused by the ravages of pests and diseases 
have resulted in enormous losses and misery through the 
ages. In ancient Egypt, as now. the locust was responsible 
for devouring food crops on a wide scale. The Irish famines 
of 1845 and later years resulted directly from the destruc¬ 
tion of the potato crop by the fungus Phytophthera in- 
festans. 0\er eighty per cent of the 1947 wheat crop of 
Centra! India was wiped out by rust disease and the spread 
of ‘ Swollen Shoot ’ of cacao, a disease due to a virus carried 

by mealy bugs, now threatens to ruin the cocoa industry in 
West Africa. 
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But such disasters as these are by no means the whole 
story, for attack by parasites is going on all the time, not 
necessarily destroying most of the crop but seriously affect¬ 
ing yield and quality. Blighted potato haulm depresses 
yield of tubers and these may then rot with the disease in 
the clamp. It has been estimated that in some years, twenty 
per cent of our potato crop in this country - over one 
million tons - is ruined in the clamp by bhght. Scientific 
research has provided weapons with which to attack many 
pests and diseases, has given a clearer understanding of 
plant nutrition, more efficient farm machinery, and in many 
other ways has helped in increasing the level of food pro¬ 
duction. Yet the fact remains that in this troubled world of 
political unrest and economic hardship the most deep- 
rooted and serious problem is undoubtedly that of world 
food shortage. One of the primary reasons for this is that 
world population is increasing more rapidly than its food 
supply. Indeed, world population has increased by some 
250 million during the last ten years. 

To quote from the Report of the Director General of the 
Food and Agriculture Organization of the United Nations 
(October 1950): ‘There is far too little food for the world’s 
hungry mouths, and the yearly increase in production is not 
enough to keep pace with the increase in the number of 
human beings. A third of the world’s people enjoy health, 
wealth, and well being to a comparatively high degree; 
the other two-thirds live on intimate terms with poverty, 
hunger, disease, illiteracy and premature death.’ 

With this world situation it is of paramount importance 
that our crop losses due to attack by diseases and pests 
should be reduced to the minimum. But, in fact, the 
actual losses due to these causes reach staggering propor¬ 
tions; indeed, one estimate puts the figure at thirty per cent 
if losses during storage arc also included. The loss of crops 
by parasitic attack is clearly a matter of grave concern and 
this in spite of the fact that in many countries protective 
methods arc widely used. 
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Chemicals are available which can be applied to plants 
to kill insect pests or their eggs and to protect against 
fungal diseases. Of the fungicides, those based on copper 
play a major role. They are effective against the fun^ 
responsible for the ‘ blight ’ on potato and tomato, apple 
scab, tlie downy mildew of the vine and of the hop and 
many other diseases which are spread by air-borne spores. 
These tiny spores settle on the plant and germinate when 
temperature and humidity are favourable, sending out a 
germ tube which penetrates the cells of the host plant 
Once inside the cells, the fungus quickly develops and 
ramifies through the tissue and withdraws nourishment 
from it. For this and other reasons, the growth and develop¬ 
ment of the plant become checked, and with rapid spread 
of the fungus the tissue withers and dies. 

Now if the plant is to be protected against this attack, 
a copper fungicide such as Bordeaux mixture should be 
applied to it before the fungus spore arrives on the plant. 
Although these spores are destroyed even by traces of 
soluble copper, once they have germinated and entered the 
host tissue the fungicide is powerless. A fungicide must 
adhere well to the leaves in spile of weathering and should 
have no damaging effect on the plant, that is, it should 
not be phytotoxic. Bordeaux mixture fulfills these condi¬ 
tions admirably. Its accidental discovery by Millardet in 
1882 gave to the world a fungicide still widely used to-day, 
and one which, had it been available during the years of 
the Irish famines, would undoubtedly have saved thousands 
of lives and prevented much suffering. 

Pierre Marie Alexis Millardet. Professor of Botany at 
Bordeaux, was walking through a vineyard near Bordeaux 
in the autumn of 1882 when he noticed that, although most 
of the vines had been struck down by Downy Mildew 
disease {Plasniopara viticola), some, which were beside 
a public path, were still in leaf. On examination, these 
proved to have been daubed with a mixture of copper 
sulphate and lime which, he was told, had been applied 
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to deter passers-by from stealing the grapes. Millardet 

reaUzed that the copper mixture might have ^ 

Downy Mildew, so. over the next few seasons, he carried 

out trials which showed conclusively that the “-ca men^ 
could protect the vine against the disease. He published 
his forLla in 1885. naming the material Bordeaux mi.xluru 
The introduction of Bordeaux mixture as a protective 
fungicide was certainly an event of first-rate 
Together with other copper preparations it is now used m 
enormous quantities all over the world, no less than 350.000 
tons of copper sulphate from which these materials arc 
made being used used annually to protect crops from 
diseases and pests. Indeed, copper sulphate has probably 
“ted more toward the world's food -PPly lhan any 
Other sindc chemical used in pest or disease control Most 
S tWs Xer sulphate has been used in the form of the fun- 
Jdde,3eaux mixture. Let us then look at this Bordeaux 
mixture which has done so much in conserving our food 
supplies. Although prepared simply by treaung coPP^r - 
phate solution with excess milk of lime, its chemistry is 
very complex. The material possesses excellent 
properties, due in part to the carbonation of excess lime m 
Uie^pray deposit which thereby 'mortars’ the fun^cd-i 
to the leaf. But in spite of its cheapness and high fung 
ddal performance, Bordeaux mixture suffers ccr am dis¬ 
advantages It is troublesome to prepare; the solution of 
wSr sulphate must not be made in metal containers; 

thflime must be fresh, for its prolonged “^'“Bordeaux 
air renders it not only useless but unsafe. B^d^ux 

mixture may cause damage to some crops owing to the 
“ee uL which it contains. For these and other reason 
many attempts have been made to find a more conveme 
substitute. Arising from this work, certam basm substances 
Uke copper oxychloride and various cuprous oxide preparu 

dons have found use in crop protection. A>1 ; 

tutes however lack the tenacity of Bordeaux mixture whci 
applied to foliage. Certain oil-soluble compounds of copper 
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are also potent fungicides, but usually these materials are 
unsuitable for application to crops owing to the injury they 
cause. Some of them, however, for example copper naph- 
thenate, are used extensively as rot-proofers for fabric, 
hemp, and timber. 

It is perhaps surprising that when a large number of 
copper compounds are examined for their capacity to pre¬ 
vent the germination of fungus spores, wide differences in 
fungicidal performance are revealed. Thus, certain copper- 
containing substances may be excellent, yet others with a 
similar copper content and comparable solubility are only 
mediocre or even non-fungicidal. 

The question therefore arises, what is it in fungicidal 
copper compounds that proves toxic to the fungus spore? 
It has long been known that spores of certain fungi are 
readily killed when in contact with solutions containing 
copper. But for obvious reasons, soluble compounds of 
copper cannot be used on plants. Apart from the possi¬ 
bility of the chemical being washed off the plant by rain 
or dew, the cupric ion * in solution is extremely toxic to 
plant life. Copper chloride and copper sulphate are in fact 
well-known weed killers and as little as one part of copper 
sulphate in a million parts of water is sufficient to keep 
the water free from algae. Thus, for application to growing 
plants only sparingly soluble compounds of copper can be 
used. 

It is difficult to see, however, how the so-called insoluble 
copper fungicides can act except by the production of small 
quantities of soluble copper. If this is the case, how does 
this soluble copper appear? Let us take the best-known 
copper fungicide. Bordeaux mixture. It has long been known 
that W'hen the dried deposit of Bordeaux mixture is allowed 
to stand in contact with water, traces of copper pass into 
solution. As a result of a large number of experiments in 

• Simple salts of copper consist of electrically charged ions, e.g. 
copper sulphate may be considered as Cu^•^ (cupric ion) + SO*" 
(sulphate ion). 
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This possibility has claimed the attention of many workers, 
but it is only within recent years that sensitive methods of 
estimating copper have enabled the role of the fungus spore 
to be clearly demonstrated. McCallan and Wilcoxon in the 
United States (1936), and Wain and Wilkinson in England 
(1943-46), have shown that water in which fungus spores 
have been suspended is capable of dissolving more copper 
from Bordeaux deposit than water alone. Not only this, 
but the amount of copper dissolved is in proportion to the 
number of spores used. All this indicates the important 
part played by the sfwre in the mechanism of the fungicidal 
action of copper. Although such action is undoubtedly 
complex and although, under held conditions, other factors 
may operate in bringing copper into solution, it would 
appear that if it does not actually ‘commit suicide*, the 
spore does contribute toward bringing about its own death. 
For if it did not intervene by producing an exudate, there 
would in most cases be insufficient soluble copper to pro¬ 
duce a lethal effect and the spore would remain unharmed. 

As already mentioned not all insoluble copper com¬ 
pounds are fungicidal, so the question now arises, is a par¬ 
ticular compound a poor fungicide simply because it does 
not yield soluble copper under the influence of spore 
exudate? If the fungicidal performance of compounds does 
depend on solubility in spore exudate in this way, then 
we might have the basis of a chemical method for assess¬ 
ing fimf’iciilal value. Wain and Wilkinson have carried out 
an investigation along these lines using a standardized solu¬ 
tion of spore exudate as solvent, and in most cases it was 
found that a compound which yielded soluble copper to 
this solvent was fungicidal when tested by a biological 
test in the laboratory. On the other hand, poor fungicides 
yielded but little soluble copper to the spore exudate solu¬ 
tion. In order to ascertain which constituents of the exudate 
were active in dissolving copper a detailed chemical investi¬ 
gation was carried out. For this purpose, no less than 
880 thousand million Neurospora sitophila spores were 
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Fie. 1. Simple apparatus for collecting spores of 
phiia. The fungus is grown on nutrient agar in large 6 
under conditions favourable for spore production. The ^ 

then sucked by an air stream into traps containing glass-disiilled 
water in which they remain as a suspension. After making spore 
counts (using a haemocytomcter) filtration of the suspension yields 

a solution of spore exudate. 


collected (Fig. 1), their exudates obtained and submitted 
to a comprehensive chemical analysis. Various pure organic 
substances were isolated, mannitol, a hexahydric a cohol re¬ 
lated to the sugar mannose, accounting for some 
cent of the total substances present. This and other con¬ 
stituents such as malic and fumaric acids, however, were 
shown to be incapable of dissolving copper from an excess 
of Bordeaux mixture. Indeed, in a separate investigation 
in which over a hundred solutions of different chemicals 
were examined for their ability to dissolve copper from 
this fungicide, relatively few were found to effective. 
In all cases, those which were effective formed solub c 
complexes with copper. Our results with the spore exudate 
indicated that of the complex mixture of substances present, 
amino acids are the chief agents in bringing copper into 
solution from dried Bordeaux deposit. Such acids, or 
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example glycine, NH,CH,COOH. in contact with Bordeaux 
mixture can form complex ions containing copper (e.g. 
CuCNHjCHjCOO),') which then enter solution. Since these 
complexes are themselves partially dissociated, however, 
they are capable of providing copper in the form of the fun¬ 
gicidal cupric ion at the spore wall. 

All this and other work has thrown light on the mechan¬ 
ism by which fungicidal action by Bordeaux mixture takes 
place and has given us a clearer understanding of the 
requirements to be possessed by a successful copper fungi¬ 
cide. 

From the world viewpoint, control of plant dise^es is 
probably even more important than the destruction of 
insect pests. Following the discovery of DDT in 1939, 
spectacular advances have been made in the field of insec¬ 
ticides and many potent materials such as benzene hexa‘ 
chloride, chlordan, and parathion are now available for 
crop protection. This rapid progress has not been paralleled 
with fungicides. It is true that various organic compounds 
of mercury are widely used to protect seeds from patho¬ 
genic fungi, but without doubt there are much wider possi¬ 
bilities for synthetic organic chemicals as fungicides. Work 
along these lines is being vigorously pursued in many 
countries and a number of organic substances are now 
finding use as foliage protectants (see Marsh). Not only 
this, but recent developments (Horsfall et al., Crowdy and 
Wain) indicate that certain materials may be introduced 
in small quantities into the plant itself to provide some 
protection against specific pathogenic fungi. There is evi¬ 
dence that such compounds, the so-called ‘systemic fungi¬ 
cides’. can be administered through the roots as well as 
by application to the plant as a spray. 

But although the outlook for the future may hold many 
exciting possibilities, it is inorganic compounds of sulphur 
and of copper which still constitute the chief weapons for 
fighting the pathogenic fungi which seek to destroy our 
food crops. Seven decades have now passed since Mifiardct 
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discovered Bordeaux mixture. Yet this simple preparation, 
made only from copper sulphate and lime, continues to 
play a major part in conserving human food. And numan 
food must be conserved if we are to lay the ghost of Mal- 
thus, now walking again. 
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Octopuses in the Channel 

W. J. REES 

Half-tone Illustrations by D.P. Wilson between 

pp. 64 and 65 

The Common Octopus has the popular reputation of be¬ 
ing a rather sinister animal. With its bizarre appearance — 
eight writhing arms, a globular pulsating body, and strange 
staring eyes - it is no wonder that it is regarded with repug¬ 
nance and even awe by most people. Its evil reputation, 
which is greatly exaggerated and largely undeserved, is 
due in the main to the popular writings of the French 
authors. Denys de Montefort and Victor Hugo. De Monte- 
fort. an unscrupulous naturalist, made a special contribu¬ 
tion to the octopus legend; this was a giant octopus which 
was said to have attacked a three-masted ship. The credu¬ 
lous French public of those days appears to have accepted 
this tall story, and. pleased with his success, he attempted 
another. At this time England was at war with France, so 
what could be more appropriate than the sinking of several 
English men-of-svar by means of the gigantic ‘poulpe’? 

Victor Hugo. too. in the Toilers of the Sea, allowed his 
imagination free rein, and. although evidently familiar with 
the octopus and its habits, presented an evil picture of 
something which never existed. Since then the legend has 
been kept alive by writers of fiction and newspapermen. 
Here, however, we are more concerned with its occurrence 
in British waters than with fanciful stories that have been 
written about it. 

During 1950. and again in 1951. octopuses have been 
more plentiful on the south coast of England than at any 
lime during the past fifty years, and have been a consider- 
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able nuisance to fishermen, particularly in the West Coun¬ 
try. In 1950 they were reported from Deal, Folkestone. 
Bexhill. Eastbourne, Brighton, Selsey Bill, the Isle of Wight. 
Babbacombe, Brixham. Bigbury. and Plymouth (to men¬ 
tion some of the places where they were caught). During 
the summer of 1951, too. they were numerous, particularly 
in Devon and ComwaU. In most years few are captured. 



Fig. 1. Distribuiion of adult Octopus in British watLTs; token 
rwrds only are given for the English Channel but all records lor 
the North Sea are plot^d (amended after Rees, 1950). 
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and sometimes they are scarce, while periodically, as in 
1900 and in 1950-51, they are very numerous (Fig. 1). 

This curious fluctuation in our octopus population has 
puzzled naturalists for a long lime. We have long knowm 
that it is a warm water animal - more at home m the 
Mediterranean, the West Coast of Africa, the Atlanuc 
Islands, the Caribbean, and Bermuda. On the north-west 
coast of Europe it reaches the English Channel, with a few 
records in Ute North Sea and occasional ones elsewhere 
on our coasts. It may be mentioned here, to avoid con¬ 
fusion. that we have a native octopus which occurs all 
round our coasts, and with which we are not concerned in 
this article. This is the Lesser Octopus {Eledone cirrhosa) 
which rarely exceeds an arm-span of thirty inches, and. in 
contrast to tlie Common Octopus (Octopus vutgaris). 
only a single row of sucking discs along each arm. In the 
Common Octopus, which is known to reach an arm-span 
of eight feet in the English Channel, there are two rows of 
these suckers, which enable the octopus to take a very 
firm hold of rocks and prey (Plates 1 - 4). 

Another curious feature about our knowledge of the 
Common Octopus is the almost complete absence of 
records of its breeding in our waters, and all the evidence 
suegests that it is an immigrant unable to breed here except 
on very rare occasions. How it reaches our shores, and in 
particular, why it varies in abundance from year to year, 
has only recently been made much clearer. 

What little we knew about the early life of the octopus 
came from researches done in the Mediterranean. The 
female octopus usually lays its eggs in string-like bunches 
of minute grapes in a crevice in a rock or even in an 
earthenware pot. There may be as many as 150.000 of 
them, each only 2-3 mm. in length, and they take about 
a month to hatch. During this lime the mother ‘broods* 
over the egg strings, washing them frequently by squirting 
water over them. This peculiar action helps to change the 
water around the eggs and keep them clean. 
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On hatching, the baby octopus is only about an eighth 
of an inch in lenath (Plate 5). It is covered with lar^e 
orange, reddish-brown and strawberry-coloured 
phores which can be contracted or expanded at will so 
that the larva can change colour in the iwinklin^ of an 
eve After hatching, the larva swims upward from the sea 
Toaomand becomes ^ - 

it is carried hither and thither by the currents). This ear y 
stage was thought to last only a day or two a mosL afie 

drift with the currents and could be dispersed 

area. As we shall sec later, the currents are favourable for 

thf'ir disDcrsal to our coasts as immigrant larvae. 

‘"in ;Kn hauls taken close to the Channel Isbnds 
and n^r the French coast, there were some lar\ae which 

he^ps^c^bivllv: sh^ 



Fig. 2. Distribution of Octopus larvae in the Englhh Channel for the years 1948, 1949 and 1950. 
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to confirm this view from an examination of plankton 
hauls coUected by Major H. W. Hall’s y^cht Mamhme <xnd 
the Sir Lancelot, a research vessel of the Ministry of Agri- 

culture and Fisheries, over the whole of the 

in the area between the Channel Islands and French coast 

'where no hauls were taken). Many of the 1 --! °ctopuse^ 
were newly hatched and could not have ^rhled far fi 
their breeLg grounds. The positions at «hich o«opus 
larvae have been taken are plotted in Figure 2 . and. f due 
allowance is made for dispersal of larvae northward by 
currents, indicate the probable breeding area in coastal 
waters between Cherbourg and Ushant. u 

rei‘tnr2h:r.1:;e 

The yo^g octopuses with them to almost the whole of 
our Luth coast. Now these water movements vary greail> 
from year to year, so that in some years the Brighton area 
may r^eceive Lny young octopuses, while few reach 
Devon co^st and vice versa (FiS* 

It appears hkely that in normal^cars tte^^ 

fh?n‘rsm°a"uTe~ oAh^Cae.'which have drilled 
‘across thTchannel and set.led on the h“Uom ‘o --v. 
This I beUeve explains why octopus is normally scarce on 

‘"'^This^brings us to the years of exceptional abundance 
of adults- these have been called ‘ plague years because 
t octopuses feed on crabs and lobsters 

fishermen’s pots) to such 'e periods 

the fisheries for these shellfish. The 

which have been studied was in 189 . nlagu'' 

whole of the N.W. coast of France was Pj|)o' 

spreading to the coast of Devon and Cornwall m 19U0. 



ILLUSTRATIONS 1-8 
Phoiograplis by D. P. Wilson: copyright reserved 

1. Octopuses in the Plymouth Aquarium (photographed March 
1951). Clinging to the back of the tank is a fine specimen of the 
Lesser Octopus (Eledone cirrhosa). The others are full-grown speci'* 
mens of the Common Octopus {Octopus vulgaris). In the hole U 
a large female fscen in closer view in another picture). Crawling 
over the rock is a still larger octopus (sex unknown), a powerful 
specimen capable of spanning a distance of about five feet. 

2. Common Octopus {Octopus vulgaris) rearing up and showing the 
two rows of suckers on the underside of each arm. The mouth is 
in the centre where the rows of suckers meet. (A small specimen 
about i natural size.) 

3. Lesser Octopus {Eledone cirrhosa) showing undersides of arms 
with one row of suckers along each. Note the web of skin uniting 
the bases of the arms, the free ends of which are curled back to 
be out of sight in this picture. The mouth is in the centre where 
the rows of suckers meet. (About I natural size.) 

4. Common Octopus {Octopus vulgaris) crawling over a rock. The 
two rows of suckers on the undersides of the long arms are clearly 
seen. (A small specimen about i natural size.) 

5. Common Octopus {Octopus vulgaris) showing one method of 
catching a crab, by approaching from behind and completely 
enveloping it with the strong arms. 

6. Common Octopus {Octopus vulgaris). A large and powerful 
female in the Plymouth Aquarium (photographed March 1951). 
She had occupied this hole for several weeks and retained it against 
ail comers. Shortly after this photograph was taken she laid many 
strings of eggs deep in the farthest recess of this hole and in May 
was busy guarding them. They are very similar to an earlier batch 
laid in the same place by another octopus four years previously 
(sec No. 7, below). 

7. Eggs of the Common Octopus (Octopus vulgaris). The strings or 
festoons of eggs hang from the roof of a hole, or small cave, in 
the rocks of a tank in the Plymouth Aquarium. They were found 
and photographed when the tank was drained for cleaning in March 
1947. In this photograph they arc shown about i natural size. 

8. Baby Common Octopuses {Octopus vulgaris) in the free swim¬ 
ming stage. The smallest (top left) is just hatched; the others are 
older. All are magnified about x 14. P.'-eserveJ specimens. The top 
right and bottom left are dorsal views, the others (more spotted) 
show the undersurface (ventral views). These specimens were col¬ 
lected in the English Channel. At this stage their arms are relatively 
very short when compared with the body. 















>}’4 



X-ray piclures of frog uhosc pulmonary vein is being injected with 
' lliorolrast I he injection needle is seen at .t and the dark shadow of 
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During the height of the infestation quite large crabs were 
seeking refuge on the beaches from the hordes of hungry 
octopuses, and fishermen whose livelihood depended on 
the shellfisheries had to find other work. There was a simi¬ 
lar plague on the French coast in 1922. and hundreds 
of dead octopuses were washed ashore after a storm at 
Brighton in December of that year. Early in I9a0. the 
fishermen of the Channel Islands were complaining about 
the numbers of octopus, and the summer of 1950 was 
remarkable for the widespread occurrence of the species 
from Deal to Land’s End. the adults abundan or 

the Devon coast. During the winter of 1950-51 ociopus 
was still plentiful in inshore waters, and during the summer 
of 1951 the species was to be found in numbers along l c 
coasts of Devon and Cornwall. On the French side (m 
1950 at least) the creature was very abundant and 
hordes were seen in bays and harbours in search of food; 
as in 1900 the spider crabs came inshore to avoid them. 

The late Professor Walter Garstang. who reported on 
the abundance of ociopus fifty years ago. suggested that 
their appearance in numbers on the English coast was 

the result of a mass migration of adults ' 

centres of population, in search of food, and that tlK large 

octopus stSik on the French side had been bu.lt 
to a succession of warm summers and mild winters from 
1893 onward. A notable feature in 1900 was the high per¬ 
centage of large animals, some reaching an 
7i feel, which were obviously several years 
sudden appearance on the English coast could thus be 

explained only by a mass migration of adults - 
augmenting the local population resulting from larvae dis¬ 
persed to our shores in previous years. . ,i , 

As Garstang suggested, in drawing attention to thc H 
prior to 1900, temperature is obviously a critical f. 
for an animal like this one at the northern limii of us range. 
Until recently it was not clear whether a high summer 
sea temperature resulting in more successful spawmiie an 




Fig. 3. Diagrammatic sketch of the probable breeding grounds and dispersal of 

Octopus larvae in the English Channel. 
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hatching of larvae, a high winter minimum temperature 
enabling more young octopuses to survive their first winter, 
or both together, provided the ideal conditions for great 
abundance of the species. A study of monthly sea tempera¬ 
tures of the Channel Islands for the post-war years reveals 
that summer conditions were average and the winter mini¬ 
mum temperatures were also normal, except for the winter 
1949-50 when they were several degrees above the usual. 
It is evident from this and other data (not quoted here) that 
octopus plagues follow mild winters when sea temperatures 
have been well above the average. 

Many problems of octopus distribution and dispersal re¬ 
main to be solved. Precise information is lacking about 
the temperatures at which it can spawn successfully, sur¬ 
vive its first winter after settling on the bottom, and survive 
as an adult. The minimum temperature for each stage is 
likely to be different and we should also like to know 
whether there is any truth in the suggestion, which has been 
made from time to time, that the adult retreats southward 
in Nvinter (plague years excepted). 


FOR FURTHER READING 
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Biochemistry and Bacteria 

JOHN FERRET 

Half-tone Illustrations between pp. 64 and 65 

For many people the word ‘ bacteria ’ is associated mainly 
with the idea of disease. Yet of the numerous and un¬ 
counted species which are included in this fascinating 
group of living organisms, only a small proportion are 
known to be ‘pathogenic’ (that is, disease-causing) for 
man or other complex organisms. On the other hand the 
number of species which are not merely harmless, but 
essential for our existence on earth exceeds the pathogens 
many times over. 

When plants grow they remove from the top few feet 
of the soil certain substances essential for their growth. Her¬ 
bivorous animals feed on the plants, and in turn become 
food for the carnivores. If this chain of events went no 
further the surface layer of soil would soon become ex¬ 
hausted of nutrients, and plants and animals in turn would 
die of starvation; but they would not decay. The earth 
would become a dead world, covered with the faeces and 
dried corpses of living things. It is the role of micro¬ 
organisms to convert this open chain into a closed cycle 
by decomposing dead organic matter and returning it to 
the soil in a form suitable for the nourishment of fresh 
plants. 

Bacteria are the scavengers of the animal world, destroy¬ 
ing debris and keeping the soil in a fertile condition. 
While acknowledging their beneficent activities we must 
not underestimate the great sum of human misery caused 
by disease, nor overlook the cost to mankind of the de¬ 
struction of his crops and herds by bacterial attack. But 
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it is only fair to realize that our survival depends on the 
destruction of organic matter by bacteria, and it is merely 
very unfortunate that a few enthusiastic species start work 

before their victims are dead. 

There are, then, two obvious reasons why bacteria are 
worthy of detailed scientific study. First of all, they are 
interesting in their own right as members of a group of 
microscopic living things which vastly outnumbers all the 
more complex organisms on earth, and is capable of thriv¬ 
ing growth under the widest range of seemingly adverse 
conditions. Secondly they arc interesting from a more utili¬ 
tarian viewpoint, in that ability to control them should lead 
to increased human health and welfare. But there is a 
third, less apparent, reason why investigation of the chemi¬ 
cal activities of bacteria has become such an important 
branch of modern science: they are specially useful as ex¬ 
perimental organisms. By studying bacteria the biochemist 
has been able to obtain an insight into many properties 
of living systems which it would have been difiicult to 
investigate in any other type of organism. Why this is so 
we shall see later. 

The Rheof Biochemistry 

The classification of chemical compounds as organic or 
inorganic is nowadays mainly a matter of convenience: but 
it was not always so. One hundred and fifty years ago the 
division between the two types of substance was considered 
to be fundamental and unbridgeable. Organic compounds 
were known to be extremely complex and apparently did 
not obey the laws of chemistry: it was held that they could 
be produced by living organisms only, and moved in some 
mysterious way in response to a ‘vital force , or e\cn 
through the direct intervention of God. Inorganic co*^^' 
pounds, being mineral in origin and comparatively simp e 
in structure, were, in contrast to this, obedient to the laws 
of chemistry and amenable to synthesis or modification in 
the laboratory. Inorganic compounds could be made in 
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vitro ’: organic compounds could only be made * in vivo *. 

This distinction was not merely a question of technical 
difficulty: consideration of organic substances was thought 
to be outside the scope of natural science. To suggest that 
it might be possible to investigate chemically the nature 
of living protoplasm, and so throw some light on the 
nature of Life itself, would have been regarded as certainly 
foolish and possibly blasphemous. One might as well have 
suggested analysing the members of a religious order in 
the hope of discovering the nature of the soul: and this 
attitude was slow to die. Even Wohler’s synthesis in 1828, 
of an organic compound, urea, from inorganic ammonium 
cyanate could not destroy it. Only slowly, during the next 
thirty years, did the accumulated discoveries of such men 
as Liebig convince the majority of the sceptics. 

From the middle of the nineteenth century onward the 
study of organic compounds progressed rapidly, and the 
investigation of the structure of proteins, polypeptides, 
purines, and sugars by Fischer, Wilstatter. and many others, 
suggested that, after all, the chemistry of living things 
might be no more than classical chemistry under extremely 
complex conditions. Even then the critics could still main¬ 
tain that organic substances behaved like normal chemi¬ 
cal compounds only when they were dead. Not until this 
century has biochemistry - the chemistry of living things - 
become a major branch of exact science. 

In the subsequent sections we shall consider some of 
the fascinating aspects of life which have been revealed 
through biochemical studies. I say ‘of life*, and not ‘of 
living things’, because that is the crux of the discoveries, 
'piere is apparently only one kind of life, whether it exists 
in simple, unicellular bacteria, or complex multicellular 
man. At the ultimate chemical level the diflferences between 
complex and simple, so marked from a morphological and 
anatomical point of view, are shown to be no more than 
the expression of minor variations in detail: the basic 
pattern remains the same. Indeed, where differences do 
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exist, it is often the microbe, and not man, which exhibits 
the widest range of chemical abilities. 

The Chemical Basis of Life 

The protoplasm of every living cell is bounded by a 
selectively permeable layer. This layer enables it, under 
normal conditions, to take up from a liquid environment 
such inorganic ions or simple compounds as it requires, 
and to exclude those w'hich are useless or harmful. Whether 
this uptake is partly an active process, or merely passive 
diffusion, is still disputed and need not concern us here. 

After entering the cell the compounds are metabolized; 
that is, they undergo a series of chemical modifications 
which either increase or decrease their complexity. Reac¬ 
tions which lead to a decrease in complexity also make 
energy available to the cell, and are described at ' kala- 
bolic’: reactions which lead to an increase in complexity 
require energy to be provided and are described as ana¬ 
bolic’. However, the two types differ only in the same 
sense as ‘uphill’ and ‘downhiU’ (which can apply to the 
same hill, according to the way one is going), and a par¬ 
ticular molecule may be partly broken down and then, as 
it were, reassembled, in a different way: or some molecules 
of a substance may be anabolized and others katabolized 
at the same time. The overall effect is that the cell syn¬ 
thesizes the complex substances which it requires for its 
structure and function from smaller molecules: in order 
to do this it breaks down other molecules into still simpler 
forms, uses the energy released by their degradation for 
its synthetic processes, and excretes the useless bits back 
into the environment. 

Now there are certain characteristics of this network 
of interlinked chemical reactions which arc distinctive and 
typical of living systems: 

1. The reactions are accelerated by highly specific 
catalysts. 
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2. The catalysts are produced by the network of re¬ 
actions wliich they catalyze. 

3. The reactions are almost isothermal and proceed by 
successive small steps. 

4. The whole network of reactions forms an ‘open 
system*, capable of existing in steady-state equilib¬ 
rium. 

These properties are so important that we must look at 
them in greater detail. 


1. The Reactions are Accelerated by 
Highly Specific Catalysts 

Consider two substances, A and B. which are mutually 
capable of changing into each other. We may write the 
chemical reaction thus: 

B 

Now if pure A, or pure B, or any mixture of the two, 
is enclosed in a vessel which isolates the system it will 
eventually attain an equilibrium state in which the number 
of molecules of A changing to B in any period of time 
will exactly equal the number of molecules of B changing 
to A. Under this equilibrium condition the ratio of the 
amounts of A and B present will be constant for any given 
temperature and pressure, and independent of the com¬ 
position of the original mixture. 

However, it might be that the two changes. A B and 
B->A. occur so slowly that years would be required for 
equilibrium to be reached. If we now introduce a catalyst, 
X. into the system, the velocity of both the fonvard and 
backward reactions may be so increased that equilibrium 
is reached in a few seconds. But the equilibrium ratio of 
A to B would be the same as exists in the absence of X. 
A catalyst is defined as a substance which increases the 
speed at which equilibrium is attained without altering 
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the equilibrium ratio of the reactants. We usually depict 
a catalyzed reaction like this: 

A B 
X 

How catalysis occurs cannot be dealt with here: but 
it does occur, and many catalysts are used regularly in the 
laboratory and in chemical industry. These ‘ artificial cata¬ 
lysts, however, are nonspecific; that is to say, they may 
each catalyze numerous reactions 
a^b f?=^g 

and so on. But enzymes, the natural catalysts formed by 
living organisms, are highly specific, and one enzyme will 

often catalyze only one reaction 

A^=^ B 
X 

and possibly a few closely related reactions such as 

A'^B' 

X 

(where A' and B' are substances very similar to A and B). 

2. The Enzymes are Produced by the Network of 
Reactions which they Catalyze 

Enzymes are extremely complex macromolecules of pro¬ 
tein nature whose specific catalytic properties are m some 
way linked up with their complexity. But they differ froin 

artificial catalysts not only in specificity, but 
mode of production. An artificial catalyst is usually a sub¬ 
stance which is chemically quite unrelated to the partici¬ 
pants in the reaction which it catalyzes. For 'f^slance the 
hydrogenation of vegetable oils to fats. 
of soap and margarine, can be catalyzed ^ 
nickel; and many flintless cigarette-lighters “ * * . 

lytic oxidation of methyl alcohol by porous 
a^ source of heat. In these cases the catalysts are Produced 
by some external source. In a living system, however the 
network of catalyzed reactions leads to the formation o 
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the enzyme-catalysts themselves, together with many other 
types of complex molecule involved in cell structure. This 
fundamental difference may be illustrated by considering 
a factory engaged in expanding its premises. It would re¬ 
quire raw materials from which to build the new work¬ 
shops, and workmen to operate them when they were built 
But a living system requires only raw materials (known 
as metabolites): from them it can manufacture both its 
new workshops and its extra workmen, the enzymes. 

3. The Reactions are almost Isothermal and Proceed 

by Successive Small Steps 

Anyone who has tried to keep a desk tidy will know that 
there is a marked tendency for things to get into a state of 
disorder, and that putting them back into place Involves the 
expenditure of energy. Now this state of affairs applies to 
more than desks: it is found to be fundamental throu gh - 
out nature, being summed up in the second Law of Ther¬ 
modynamics. Tliis law expresses in precise mathematical 
form the fact that all things, atoms included, are constantly i 
tending to go into a stale of maximum disorder, and that 
to reverse this process involves the expenditure of energy. 

If a mixture of atoms, wandering at random, is assembled 
into a complex molecule, then it is plain that disorder has 
been replaced by order. To accomplish the assembly energy 
is required: this energy is ‘tied up’ in the complex. K 
the molecule is broken down and the constituent atoms 
remrned to the original stale all the energy previously 
‘ lied up ’ will once more become available. We shall be 
back exactly where we started. 

To understand the nature of the energy relationships 
within a living system, let us consider the analogy of dis¬ 
mantling and rebuilding a tower which has been con¬ 
structed from interchangeable Meccano-like units. Such a 
structure has a definite amount of potential energy depen¬ 
dent solely on its size and shape, and not on how it was ^ 
built. If we dismantle the tower, either girder by girder or 
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in sections, allowing each portion to fall to the ground, 
then the potential energy of the structure will be released 
to the surroundings as heat (due to friction and the impact 
with the earth). We could now rebuild the tower by raising 
each girder separately and bolting it into position, or we 
could raise and bolt together large sections which have 
been prefabricated on the ground. When the tower is com¬ 
plete, no matter how it was assembled, it will once more 
have the same amount of potential energy as it had before 
we took it down. This energy will have been supplied from 
some external source, perhaps the fire under the boiler of 

a crane. . , 

But we could avoid the wasteful exchange of energy 

between the tower and its environment and proceed by a 
more economical method. If, as the structure is dismantled, 
each portion is lowered to the ground by a rope passing 
over a pulley, then the energy of descent of one portion 
could be used to raise another. With a perfect system (only 
theoretically attainable) run extremely slowly with no fric¬ 
tion losses, all the energy from dismantling the first tower 
could be used to raise another of the same size and shape^ 
In a system such as this the simultaneous dismantling and 
assembly can be described as ‘energy-linked’; and since 
no heat is lost or gained the changes occur isothermally, 

that is, at constant temperature. 

Now this analogy is not strictly comparable with a 

chemical process; for instance, the potential energy of the 
tower is due to the height of its parts above the sur ace 
of the earth, whereas in a molecule the energy is involved 
in the orderly pattern. Nevertheless the two systems have 


many similar properties. 

Most laboratory reactions compare with dismantling 
and assembling the tower in large sections. In other words 
the synthesis of complex molecules is often accomplished 
in a few large steps, each of which involves ^ 
ingly high intake of energy by the system; and the break¬ 
down of such molecules occurs by even larger steps, during 
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which much energy is released. During a laboratory syn¬ 
thesis the energy for these large steps is supplied from an 
external source, such as a bunsen burner; and during 
breakdown reactions the released energy often warms up 
the mixture and is lost to the surroundings as heat. Such 
reactions are not isothermal. 

In a living cell, however, although some * prefabricated ’ 
stages probably occur, the tendency is for both building 
up and breaking down to be of the ‘piecemeal’ type; 
that is to say, by a large number of successive small steps. 
In addition the small steps are ' energy linked ’ (as in the 
pulley system) so that as one molecule is dismantled by 
the enzymes its energy is used to permit the assembly of 
others. Energy is not taken in as such from an external 
source, except by photosynthelic organisms: nor is much 
released to the environment, unless the release has a 
definite function, such as the contraction of muscles, or 
the maintenance of body temperature in warm-blooded 
animals. It is outside the scope of this article to consider 
the details of the mechanism b\’ which energy linkage is 
accomplished, through the alternate building-up and break¬ 
ing-down of special molecules containing so-called ‘ high- 
energy phosphate bonds ’. But like so many natural pro- 

cesses it is a beautiful combination of simplicity and 
ingenuity. 

4. The Whole Network of Reactions Forms an ' Open 
System ' Capable of Lxistinft in ‘ Steady State' 

Ecutilibrium 

Having discussed some of the attributes of the individual 
reactions which occur within a living system. let us now 

uho^Ie complex network of reactions as a 

nfTh catalyzed reversible reac¬ 

tions, of the t\pe: 

A B 
X 


i 
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as they occur within a closed vessel where no A or B can 
enter or leave the system. In a living cell such closed 
systems probably do not occur: instead we find an open 
chain of reactions, also reversible and catalyzed, but which 
continually receives material at one end from a capacious 
source and puts out altered material at the other end into 
an equally capacious ‘sink’. We may draw a simplified 

diagram like this: 


Capacious ^ ^ B 

source of A flh 


hr. 


C D V- 
rH 


Capacious 
sink for D 


where ab. be, etc., represent the specific enzymes 

ing each reaction and the dark upper arrows show which 

wav the reversible reaction is going at the moment. 

Now an open system such as this has various very special 
properties which arc not found in closed equilibrium 
systems. To understand these properties we shall consider 
not an analogy but a physical model (Fig. 1). 



Fig 1 Water model of an open system. The tanks represent he 
intermediate stages in the chain of reactions: the taps between th 
tanks represent the enzymes. 


Here the source is the water main, the tanks represent 
the various stages in the reaction, the taps between t em 
represent the enzymes and the sink is just a sin . wc 
open all the taps wide enough water will run in a e 
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top and out at the bottom without accumulating in any 
of the tanks. But what happens if some of the taps are 
partially closed? 

Consider first the tap ‘ab’: if we close this until water 
cannot leave tank A as fast as it is entering, then the water 
level in A will rise. The pressure due to the head of water 
in A will have two effects: (i) it will resist the inflow of 
v/aier from the mains, and slow it down, and (ii) it will 
force water out through ‘ ab ’ at a higher rate. As a result 
the rates of inflow and outflow for A will once more 
become equal, though different from their previous rate, 
and there will be a steady head of water in A. 

Now let us also partly close the lap ‘be’ so that the 
water no longer leaves B as fast as it enters from A. A head 
of water will build up in B and the inflow and outflow will 
once more equate themselves. But in this case the rising 
pressure in B, by resisting the entry of water from A, 
will act like a further closure of the tap ‘ab’. So the 
leN’cls in A and B will both alter if ‘ be ’ is altered. Similarly 
adjusting ‘ cd ’ will modify the levels in all three tanks, 
and so on for an indefinite series. It is apparent that any 
combination of settings on the taps ‘ab’, ‘be’, and ‘cd’ 
will result in typical heads of water in the tanks A. B, and 
C. However the taps are set (so long as they are not com¬ 
pletely closed) the system will eventually adjust itself until 
the rales of entry from the source and disposal down the 
sink arc equal: it would then be in what is called a ‘ steady- 

StUvC ’. ^ 

Let us translate this back into chemical terms. The 
height of the water in vessels A. B, and C represents the 
amounts of the various intermediate substances present 
in our chain of reactions: the opening and closing of the 
taps represents changes in activity of the enzyme catalysts. 
From the model it is clear that a change in activity of 
one enzyme only will alter the amounts^ of all the sub- 
sranccs formed throughout the chain: and. as a coroUary. 
that an open system differs from a closed system in that 
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chaDges in the activity of the catalysts will profoundly 
affect the ratio of reactants present in the steady-stale. 
These attributes persist no matter how lengthy the chains, 
or how much they branch, so long as the starting sub¬ 
stances are continually supplied and the cnd-producis con¬ 
tinually removed. In order to remind us that the rales 
of supply or disposal may also vary, there are two more 
taps in the diagram labelled « and /?. If their setting is 
altered they will affect the system in a way similar to the 
intermediate taps: such alteration represents changes in 
the rates of inward and outward diffusion of A and D be¬ 
tween the cell and its environment. 

Variations in the Chemical Pattern 

All the statements made so far about the nature of the 
chemical events within a cell apply equally to all organ¬ 
isms. be they animal or vegetable, large or small. Indeed, 
we might use them as the basis for a tentative definition 
of life as wc know it: 

‘Life is a potentially self-perpetuating open system of 
linked organic reactions, catalyzed stepwise and almost 
isothermally by complex and specific organic catalysts 
which are themselves produced by the system.’ 

Now this is all very well, but men and microbes are not 
the same. Since it is an article of the biochemist’s faith 
that all variations in colour, size, habit, and complexity 
are the ultimate expression of differences in chemical com¬ 
position, where do these differences occur? 

To answer this we must examine the details of the 
chemical pattern and investigate the cell’s power of carry¬ 
ing out individual reactions. Once more a diagram may 
help to make things clear (Fig. 2). 

Here we have a very stylized and simplified picture of 
a portion of the pattern of reactions in an imaginary intact 
cell. The vertical lines at either side represent the cell s 
selectively permeable boundary. The substances A and O 
are metabolites diffusing into the cell from the ‘ source . 
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Fig. 2 . Simple stylized diagram of an open system in an imaginary 
cell. The upper ease letters represent chemical compounds and the 
lower case letters represent the specific enzyme catalysts. The 
vertical lines at cither side indicate the cell’s selectively permeable 
boundary. 


the liquid environment: and Y and Z are end-products 
diffusing out into the sink, again the environment. The re¬ 
maining twenty-two letters of the alphabet represent inter¬ 
mediate substances in the metabolic chain. The pattern 
shown is a potentially reversible ‘open system’, and the 
dark arrows again indicate the present direction of flow 
at each stage. Now we may attend to the details, after 
remembering that the real pattern is indescribably more 
complex than the one we have drawn, involving probably 
thousands of substances and hundreds of cross-links and 
branching points. 

For convenience the types of variations from our sim¬ 
plest basic pattern may be divided into three groups. 
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(i) Cfmin-end differences. Some organisms might lack 
enzymes ‘ ab ’ and ‘op’ and so be unable to use the simple 
substances A and O. They would need to have B and P 
supplied in their environment and would be described 
as more ‘nutritionally exacting’ than our simple proto¬ 
type. Other organisms might also lack ‘ be ’ or pq , and 
so on. As a result we find a wide range of abilities, from 
life-forms able to make everything they require out of 
inorganic salts, COj and water (the green plants, for in¬ 
stance) to organisms like man, who needs a diet of fats, 
carbohydrates, proteins, and vitamins, because all these 
substances contain molecular groupings which he is unable 
to synthesize himself. The nutritionally exacting organisms 
live by consuming products synthesized by less exacting 
forms of life, and the trend is for the simplest forms to 
have the widest range of synthetic abilities. But there are 
many exceptions, and some bacteria are quite as exacting 
as man himself. 

In a similar way there may be differences at the ‘ out¬ 
put’ end of the chains, so that the substances excreted 
also vary from one type of cell to another. 

(ii) Additional and alternative pathways. Different or¬ 
ganisms will have different side chains and loops in their 
pattern, which are not shown in the diagram. Such varia¬ 
tions express themselves as special synthetic abilities; for 
instance the mould Pcnicillium synthesizes Penicillin; the 
tree Hevea brasiliensis synthesizes rubber; and the snake 
Naia bungarus produces cobra venom. Thousands of such 
examples could be listed, but most of the cases so far 
investigated in detail seem to involve the production of 
‘ by-products and lie off the main metabolic pathways. 
Nevertheless, there is no doubt that it is this type of varia¬ 
tion which leads to the elaboration of most of the unique 
and peculiar substances which differentiate the form, struc¬ 
ture and habit of one species from that of another. 

(iii) Specialization of tissues. In a bacterium there is 
only one cell and the entire chemical pattern must occur 
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within it. In complex multicellular organisms, however, 
various tissues may have special roles, and no individual 
cell in the mature body may be able to carry out all the 
necessary reactions itself. Thus mammals might be able 
to carry out reactions C to F in their liver cells only; or, 
in a plant, reactions F to U might occur in the leaves and 
nowhere else. Under these conditions the products of the 
metabolism of one type of tissue circulate in the inter¬ 
stitial fluids (or blood, or sap) until they reach another 
tissue able to carry out further reactions: and so on, until 
the ‘ pattern ’ is complete. 

In order to avoid the confusion of numerous formulae 
and chemical names we have so far used letters to represent 
chemicals in all our changes. But lest it should seem that 
organisms live on the letters of the alphabet, let us finally 
look at a concrete example of a small but very important 
section of the ‘ chemical pattern ’ of cells. The next diagram 
(Fig. 3) outlines what is known about the transformation of 
glucose by certain forms of life and exhibits the types of 
variation that have been mentioned. Many of the steps 
shown form parts of energy-linked systems, but these cross¬ 
links ha\ e been omitted in order to avoid overcrowding the 
diagram. If glucose is burnt it becomes CO, and water in 
one large step and nearly all its energy is released as heat. 
But in living organisms the breakdown depicted in the 
diagram invo!\es at least nineteen steps (and probably more 
not )et discovered); and the o\erall change is almost iso¬ 
thermal. This illustrates the points made in the section on 
the energy relationships of the living organism. 

We may sum up by saying that species of organisms 
differ from each other in the metabolites which they take 
in. by the inanncr in which they transform the metabolites 
inside their cells, and in the types of substance which they 
excrete. As a result the chemical composition of each 
species IS peculiar to itself, and the biochemist holds that 
these chemical differences underlie all the differences in 
appearance and behaviour exhibited by members of the 
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I- 10 Of general occurrence 

II- 19, 30. 31 Many mammalian 

tissue 

20,19.18. 17 Bacteria, e.g. Esch¬ 
erichia coli, Aerobader 
aerogenes. Propionibac- 
teria spp. 


22 propioni bacteria 

21 Muscle tissue 

23,24 Yeast 

25-27 E. coli. A. aeiogenei 
28,29 A. aerogenes in an acid 
medium 
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living world. The ultimate source of these types of variation 
is the same: they all reflect the organisms’ ability, or 
inability, to produce certain specific enzyme systems. In 
the next section we shall see how these variations in enzyme 
pattern are controlled. 

Biochemistry and Genetics 

When making our tentative definition of life we described 
the system of chemical reactions as ‘self-perpetuating’. 
Now how does this self-perpetuation occur? What is it 
that controls the range of enzymes developed by an organ¬ 
ism, and so ensures that each species will ‘ breed true 
producing offspring with the same nature as itself? 

Fifty years of painstaking experiments have firmly estab¬ 
lished that the inherited characteristics of living organisms 
are determined by genes. These genes were originally re¬ 
garded as hypothetical, discrete self-reproducing units, each 
responsible for a unique inherited property of the organ¬ 
ism. Subsequent cytological evidence has shown that these 
hypothetical units have a physical existence within the 
nucleus of the cell, where they lie arranged in a definite 
and significant order as unbranched chains called chromo¬ 
somes. As a result the word ‘ gene ’ has now rather lost 
its original meaning, becoming identified with a physical 
entity; the nucleoproiein material lying at a specific posi¬ 
tion on a chromosome. According to rigid Mendelian 
genetics all the characteristics of an organism are under the 
control of such nuclear genes. However, it is not yet finally 
established that all ‘simple’ forms of life, such as bacteria, 
possess nuclei or chromosomes in the accepted sense. In 
fact, for a long time bacteria were described as having no 
nuclei, but it now seems that this opinion was due to 
deficient microscopical technique. Modified methods have 
o\erconie certain masking effects, and nuclei and apparent 
chromosomes can now be clearly shown in many species 
of bacteria. Anyhow, there is no doubt from a mass of 
indirect evidence tliat the inheritance of bacteria is genetic- 
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ally controlled. So we shall use the word ‘ gene ’ in its 
original sense, with the added proviso that it is almost 
certainly a nucleoprotein molecule. But we shall not j^slu- 
late that it necessarily occurs within the nucleus, or forms 

part of a chromosome. • , > 

All the genes together constitute the ‘code-script oi 
the cell; that is, the complete set of controlling factors 
which carry in condensed form all the ‘ information neces¬ 
sary for an organism to develop the distinctive 
of its species. Let us see how this genelical approach hts 

into our biochemical scheme. ,,.r,Ac 

Nucleoproteins and enzymes are the ^ost complex t>pes 

of macromolccule found within the cell. nprific 

Dlexity is not fortuitous; we know that tbe very specific 

Ltalytic abilities of enzymes are 

with the wide variations in configuration possible in such 
complkaled structures. In the same way the various pat¬ 
terns^ of structure in gene nucleoprotein confer similar 
specific properties. It would, then, be reasonable to guess 
that we have a relationship like this: 

structural p..tcrn wiihin Structural P^ucrrt Spcc.hc^ 

the gene. - -> tnc enzyme. of ific e 


and so for the whole organism 

Patterns of Pf“f oPall the^ 

ail the al* ihc -> 0‘ all the 

genw. enzymes. enzymes. 


Pattern of all 
^ the reactions 
within the 
organism. 


enzyme 


Size. 

shape. 

colour, 

complexity, 

habit. 


The truth of this hypothetical relationship has been par¬ 
tially delnstruted b? numerous coupled 
biochemical tests. These experiments ^how that m many 

cases modification of a single gene . jj 

type of modification in the chemical 

which can be explained by assuming an altcral on in the 
properties of a single enzyme. Whether this ^’^P ® j‘ 

one- relationship applies to all genes and j 

a matter of conjecture, to be deeded when miprovcd 
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methods, of research arc developed. Nevertheless, we can 
safely say tliat the genes, in general, control and modify the 
production and properties of enzyme systems as a whole: 
and that they do this by translating the pattern of their 
own structure, in some way not elucidated, into the pattern 
of chemical events within the organism. A gene, in fact, 
combines the properties of a blue-print with the power of 
a foreman to ensure that the plan is followed. 

In addition, genes have another fundamental property: 
that of self-reproduction *. They are able to form, or more 
probably to cause the cell to form, exact copies of them¬ 
selves. When a cell divides it hands on to its daughter 
cells cytoplasm containing all the enzymes and other sub¬ 
stances necessary for them to start life as individual entities. 
In addition it passes on a complete set of genes, copied 
from its own, which ensure that the newly formed cells 
will develop in the same way as their parent and in turn 
pass on genes to their offspring. It is through the agency 
of the genes that the pattern of the organism is ‘self- 
perpetuated ’. 


Changes Within the Genes 

It was mentioned earlier that a gene could be modified: 
this modification, which is caUed ‘mutation*, involves some 
change in the nucleoprotein structure leading to an in¬ 
herited alteration in the properties of the organism, 
mediated by a change in its enzyme pattern. In nature 
such mutations are sudden and spontaneous, and seem to 
be comparatively rare c\’ents. Just bow often they occur 
depends on conditions and varies from gene to gene; but 
once in 10’ to 10^ cell generations appears to be the 
general range of frequency. Certain chemical substances, 
or penetrating radiation such as ultra-violet or X-rays may 
increase the mutation rate considerably. These agents, 
va led mutagens . are at present being intensively studied 
with the object of discovering how they achieve their effect. 

A gene which has mutated, or the cell which contains 
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it, is called a ‘ mutant’. It is believed that variations within 
species, due to spontaneous mutation, provide the material 
for natural selection: for if a mutant has changed char¬ 
acteristics which make it belter fitted to survive the con¬ 
ditions under which it lives, then it and its progeny wi 
outgrow and supersede the original form. On the oi er 
hand a harmful mutation may lead to extermination o 


the mutant strain. ,, 

All known mutagenic agents also damap the ce . 
their effect was to produce mutants better able to withstand 
their damaging influence such mutations would be classed 
as ‘directed’. Of course, a directed mutation need not 
necessarily be to a mutagen-resistant type. In the wides 
sense any mutation whose nature can be forecast before 
it occurs would be classed as ‘directed’, even thougl the 
new properly of the mutant cell had no apparent relation¬ 
ship to the agent which brought it about. It is most 
ing^to realize that ‘directed mutations have never been 
proved to occur, although they have been nought during 
numerous experiments by many workers. The cfTect of 
a mutagen is to produce random mutations, some possib y 
beneficial, but mostly harmful or lethal. However, a badly 
Xned ;xperiment may lead to the e^oneous assump¬ 
tion that directed mutation has occurred. For instance, if 
the muunts are kept in contact with the mutagen for many 
generations it is possible that a beneficial mutagen-resistant 
mutation, which has arisen by chance, may be “ 
by conditions that its progeny outgrows till the ' 

In such cases there will be an apparent directed mutation 
but the appearance is quite false; what has really occuricd 
il compe^tive selection, with the mutagen acting as a 

selecting agent, favouring the growth “ ''a" ,, 

which happens to be better able to "’‘‘.’’^'and u than tl e 

others. The Importance of end 

two cases cannot be ovcr-emphasizcd: althoush the end 

results may be the same, the means by which they a 

achieved are fundamentally different. 
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Nature and Nurture 

The photographs (Inset 7) show examples of organisms 
with identical inheritance reared under different environ¬ 
mental conditions. The bacteria in both photographs came 
from the same genetically pure strain and have all been 
grown for the same time at the same temperature. They 
have been photographed, alive and unstained, by phase- 
contrast technique. (The light spots and hazy rings in the 
background are optical effects due to minute irregularities 
in the cover-glass.) If the organisms shown in Inset 15 were 
to be transferred on to a penicillin-free agar medium their 
progeny would assume the normal habit shown in 14. This 
is an example of a reversible change in form caused by 
a difference in environment. Innumerable examples of such 
difference are known; indeed, they are the rule rather 
than the exception. How can we explain this - for two 
organisms with the same genetic constitution should surely 
look alike and behave in the same way if our biochemical 
explanation is correct? 

Let us return to our open system for a moment. We have 
seen that genetic differences are equivalent to changes in 
the number and arrangement of tanks and taps. For two 
genetically identical organisms these must be. potentially, 
the same. But within any given system it is still pnassible 
to modify considerably the head of water in the various 
tanks and the overall flow during the steady state. This can 
be achieved in two ways: either by adjusting the taps 
between tanks (equivalent to changes in total enzyme 
activity) or by altering the tap from the mains or the tap 
to the sink (equi\alent to altering the rate of exchange of 
substances between the cell and the environment). It is 
these two types of modification which parallel the effect of 
environment on the organism. 

First of all let us consider changes in enzyme activity. 
In our physical model of the ‘open s\'stem ’ there is only 
one straight chain. But in the living ssstem there are 
numerous branching points and loops. It is obvious that 
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by suitable adjustment of the enzyme ‘ taps ’ the extent 
to which flow occurs through these alternative pathways 
may be markedly altered; indeed, some branch routes 
could be virtually cut off. This is in fact what happens. 
Enzymes are very sensitive substances, and their activity 
is dependent on the pH and temperature of their surround¬ 
ings; in addition tliey can be activated or inhibited by 
numerous substances. So the actual rate at which an en¬ 
zyme catalyzes a reaction will depend on the conditions 
under which it is working, and we have already seen that 
a change in one enzyme will alter the balance throughout 

the system. 

The second way in which environment may alter the 
chemical pattern of the organism is by influencing the rate 
at which substances enter or leave the cell. Any changes in 
relative concentration of nutrients or excretory products 
in the vicinity of the cell will lead to such fluctuations; and 
in addition the selective permeability of the protoplasmic 
layer is itself altered by chemical and physical influences. 

We may sum this up by saying that genes control all the 
potential properties of the organism, but the extent to 
which any particular property is expressed will depend on 
the influence of the environment. This state of affairs has 
been compared to a musician playing a piano. The range 
of notes from which he can select represents the poten¬ 
tial gene-controlled properties. The notes actually being 
sounded at any moment depend on the musician, who 
represents the environment. Many tunes and chords are 
possible, but none of them can include notes outside the 
piano’s range. Other instruments, such as the violin or the 
organ, are, in this analogy, equivalent to different species 
of organisms, since their potential range differs from that 
of the piano. 

But, like most analogies, this one must not be carried 
too far. The tunes a musician is playing need not be in¬ 
fluenced by the ones he has played in the past. In an 
organism, however, the chemical pattern depends not only 
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on the immediate environment, but also on the conditions 
under which it has previously existed. For instance, poor 
soil may so stunt a tree that no amount of subsequent 
manuring will ever restore its normal shape. It is the 
environment, past and present, which determines what par¬ 
ticular habit and form an organism will adopt from the 
range permitted by its genetic constitution. 

Bacteria as Experimental Animals 

A.fter a long digression we return at last to the third reason 
why bacteria are of special interest to the biochemist. Since 
the fundamental properties of a living system are the same 
wherever it is found, then if we wish to study these 
properties we may. within reason, choose for our work 
whatever organism is most convenient. In other words, 
much that we wish to know about man can be discovered 
by studying mice, mushrooms, or microbes. 

Now bacteria have many properties which make them 
well suited for certain types of research; 

(i) They are small and have a high metabolic rate. 

(ii) They reproduce rapidly, 

(iii) They readily provide genetically pure populations. 

(iv) The> tolerate gross variations in environment. 

(vl They exhibit the widest range of metabolic abilities. 

(vi) They arc easy to obtain and produce in quantity. 

Let us see why these properties are so advantageous. 

(i) Bacteria are small and have a hi^/i metabolic rate. 
A spherical mass of tissue. I cm. in diameter and of den¬ 
sity 1, would W’cigh 0.52 gms. and have a surface 3.14 sq. 
cms. in area. Compare this to a spherical bacterium, of 
the same density and diameter lu (1 a = 0.000l cm.). In 
0.52 gms. of the bacterium there would he a million million 
individuals, and their total surface area would be 31,400 
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sq. cms. This is a matter of simple solid geometry: you 
can work it out for yourself, remembering that the area 
of a sphere is 47rr* and its volume 4/3"r’. Now the amount 
of a substance diffusing through a membrane, under set 
conditions of temperature and concentration, is propor¬ 
tional to its area. This means that theoretically 0.52 gms. 
of our bacterium can exchange substances with its environ¬ 
ment 10,000 times as fast as the lump of tissue. In elfect. 

the mains and sink taps in our steady-state system are 
comparatively wide open for bacteria, and their meia o ic 
rate is not limited to the same extent by the availability 
of metabolites as it is in larger masses of cells. For instance, 
if we measure metabolic rate in terms of oxygen consump¬ 
tion by unit weight of cells in unit lime, then fgurc 
for many bacteria is 100-200 limes greater than in human 


The minuteness of bacteria means not only hat the 
events we wish to study arc much more marked durin, 
the period of an experiment, and so are more c-'sily 
measurable. In addition, by always handling a staiisncally 
large population of millions of bacteria, individual varia¬ 
tions are masked and experimental results become more 
readily comparable. Finally, we can make suspensions of 
bacteria which settle out very slowly and are almost as 
easy to handle as ordinary chemical solutions. 

(ii) Bacteria reproduce rapidly. Because of their high 
metabolic rate bacteria can double their weight, and so 
divide into two. in a very short space of lime. 
interval between generations is called the mean eencra ion 
time’ For man this is about twenty years, so a rLScarch 
worker could only hope to study two generaiions m h.s 
working life. On the other hand, a bacterium such as 

Escherfehia call may divide once every 
under ideal conditions. If we lake half-an-hour as a moru 
typical bacterial mean generation lime, then it Possi c 
to study forty-eight generations in one day. and by the 
end of ^at day one bacterial cell could theoretically have 
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given rise to 2**, or 280 million million, progeny. Hie high 
growth rate means that a very large quantity of any par¬ 
ticular cell constituent can be made available for isolation 
and study in a short period of time: and the high repro¬ 
duction rate enables one worker to carry out hundreds 
or thousands of genetical experiments. 

(iii) Bacteria readily provide genetically ‘pure’ popu- 
lations. In higher organisms reproduction occurs through 
fusion of gametes. Without going into details, this process 
results in an exchange, and rearrangement of genetical 
material during each generation, and the establishment of 
a ‘ pure ’ population of organisms with identical inheritance 
often proves difficult. In plants this trouble may be avoided 
by using vegetative reproduction from cuttings; but in many 
cases such a procedure is not possible. In bacteria, how¬ 
ever, the normal mode of reproduction is vegetative and 
occurs by simple fission, each cell dividing into two. This 
property, together with the high division rate, makes 
it easy to produce a thick culture of millions of bacteria 
from a single cell in a short space of time. Excepting any 
mutants which may arise, all the cells in such a culture 
will have exactly the same genes as their original parent 
and constitute what is caUed a ‘clone*. If similar por¬ 
tions of a clone are placed in various environments it 
will be safe to assume that any differences they exhibit 

are due to environmental influence and not to genetical 
dispanty. ® 


(IV) Bar/ena tolerate gross changes in environment. 
Complex organisms have highly developed mechanisms 
which ensure that their internal environment remains con¬ 
stant and independent of changes outside. Thus a normal 
man maintains his temperature at about 98.4‘’F. either on 
the Equator or within the Arctic Circle: and the buffering 
power of blood stabilizes the pH outside his cells within 
very narrow limits. In addition the specialization of tissues 

sTrtrldm'nanimarmay be 

so nutritionally exacting that it is virtually impossible to 
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keep them alive, because most specialized animal tissue 
is used to getting what it needs and has little adaptive 
ability. Most bacteria, however, are accustomed to making 
do with what they can gel. Not only are they more tolerant 
of changed physical conditions, continuing to grow and 
divide over a wide range of pH and temperature; but in 
addition they can often be reared on simple synthetic 
media in which all the chemical constituents arc known. 
This makes it possible to alter their environment m a 
defined way, by omitting one substance and including 
another, in order to study the manner in which they modify 
their internal chemical pattern in response to changed 
conditions. 

(v) Bacteria exhibit the widest range of metabolic 
abilities. Not only will one species of bacterium tolerate 
wide variations in environment, but all the species known 
can between them grow wherever life is possible. Some 
thrive in complete absence of air; some inhabit hot springs 
and others grow in refrigerators; and dilTerent species of 
bacteria can attack such unlikely substances as hose-pipes, 
lysol, and petrol. It has in fact been suggested that every 
substance on earth capable of oxidation can be metabolized 
by some bacterium; and that may not be so far from the 
truth. Anyhow, the number of dillerent enzymes pro¬ 
duced by bacteria as a group must run into hundreds of 
thousands. 

(vi) Bacteria are easy to obtain and produce in (juan- 
tity. Animals are often expensive to buy and diflicuU to 
house and feed, so the number available for experimental 
purposes may be limited by considerations of money and 
space. Most bacteria can be dried down and stored until 
they are needed in scaled glass lubes. These dried down 
cultures are easily revived, and we have already seen how 
simple it is to raise a large population from even a single 
cell. In these days of tight budgets and limited laboratory 
space such convenient habits are a great practical advan¬ 
tage to the biochemist. 
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Unsolved Problems 

There are, of course, many questions associated with the 
specific differences between organisms which cannot be 
answered by studying bacteria. On the other hand, we 
have seen in the last section that these minute and accom¬ 
modating forms of life are well suited for work involving 
a study of the interaction between living cells and their 
environment, or for investigating the extent to which adap¬ 
tive variations in the chemical pattern may be banded on 
from parent to offspring. The subject of bacterial chemistry 
has already added much of great importance to our know¬ 
ledge of the chemical basis of life and has provided some 
of the material on which this article is based. Having once 
elucidated the nature of a process, in an organism which 
lends itself readily to the task, it becomes much easier to 
investigate similar processes in other more refractory forms 
of life. Let us finally look at three of the many intriguing 
unsolved problems in the solution of which we may reason¬ 
ably expect bacterial chemistry to play a large part. 

1. The Gene'Enzyme Relationship. So far no one has 
managed to do more than guess at the mechanism by 
which genes produce facsimiles of themselves, or at the 
marmcr in which the structural pattern of a gene is trans¬ 
lated into enzyme specificity and the pattern of chemical 
events within the cell. These fundamental problems must 
be solved before we can complete our picture of the nature 
of living systems, and would put us on the way toward 
solving problem (2). 

2. Directed Mutation. Although this has never yet been 
achieved it seems, on theoretical grounds, that it must be 
possible. Our present methods of inducing mutations are 
extremely crude: in fact, they may be likened to shoot¬ 
ing at a row of wrist-watches with a machine gun in order 
to change the setting of one of the minute hands. Since the 
genes can be copied by the cell with great precision it 
seems reasonable to suppose that methods of similar pre¬ 
cision and delicacy could be used to modify them at will. 
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The power of shaping Nature to his own ends, by means 
of directed mutation, would place in man’s hands a poten¬ 
tial force, for good or evil, besides which the Hydrogen 
Bomb would be paltry in the extreme. 

3. Development of Complex Organisms. This problem 
follows on from the previous ones. A multicellular organ¬ 
ism arises from a single cell by repeated divisions, which 
give rise to daughter cells presumed to have the same 
genetic constitution as their original parent cell. As de¬ 
velopment proceeds the mass of tissue starts to dilTercnliale 
into cells with dissimilar properties. In the early stages this 
differentiation seems no more than an expression of en¬ 
vironmental dilTcrenccs, due to gradients of concentration 
within the tissue bulk; for the changes may be reversed 
by transplanting cells from one position to another. But 
reversal becomes progressively more difficult, until a point 
is reached in the maturing organism beyond whicli it 
apparently no longer occurs. Here the cells have become 
so modiffed that on being restored to their original environ¬ 
ment neither they nor their descendants will revert to their 
parent form. 

How this comes about no one knows. Perhaps the cells 
mutate under the influence of specific compounds; if so, 
it seems that the mutations could not be random and must 
be directed. An alternative suggestion, that the cells develop 
in a directed way an inheritable ability to suppress or 
stimulate the influence of some of their genes, may be no 
more than saying the same thing in a different way. Any 
other guess is almost as good. 

This field of development and differentiation presents 
perhaps the largest complete gap in our biochemical know¬ 
ledge. Here again, information on the influence of environ¬ 
ment from the study of bacteria will play an important 
role. But in the final stages more complex tissues will have 
to be used, since bacteria, being unicellular, must, by 
definition, lack the specific properties which lead to the 
formation of a multicellular organism from a single cell. 
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Conclusion 

This short article has attempted to give a simple survey 
of a wide field of know’ledge by translating it from special¬ 
ist terms into easily comprehensible language and ideas. 
The simplification has inevitably been accompanied by 
a loss of precision, and condensation has meant that 
numerous ‘ifs’ and ‘buts’ have been ignored. No doubt 
some readers will deplore an account so full of unscientific 
generalizations; but if others are stimulated to take up 
biochemistry and discover the detailed truth for them¬ 
selves. then the end will have justified the means. 
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evidence points to any abundance of carbon monoxide in 
the atmosphere at that time. At earlier stages, and at higher 
temperatures, any carbon monoxide present must have 
reacted with water vapour to give carbon dioxide and 
hydrogen; hydrogen would be able to dissipate into space, 
thereby displacing the equilibrium in the reaction 

CO + H^O CO, + H, 

until no carbon monoxide was left. In present magmatic 
gases carbon monoxide is only a minor constituent. The 
presence of carbon hydrides, such as methane and perhaps 
more complex hydrides of carbon, is possible as a result 
of inorganic processes, for instance the hydrolysis of metal 
carbides. 

But the main carbon compound of the atmosphere was 
without doubt carbon dioxide, which, during the whole 
2,000 million jears of geological history, has been exhaled 
from the interior of the earth. The evidence of limestone 
indicates that such an exhalation of COa must have taken 
place to an average amount of about 3 microgram per 
cm’ of the earth’s surface per year, during the whole of 
geological history. Carbon dio.xide, therefore, has probably 
been the main material available for the formation of primi¬ 
tive organic molecules, apart from subordinate hydrides 
of carbon, and very subordinate amounts of CO. 

Compounds of nitrogen such as ammonia and ammo¬ 
nium salts (perhaps oxides of nitrogen, nitrous and nitric 
acids) would also be made by entirely inorganic reactions, 
c.g. photochemical, and electrical discharges in the atmo¬ 
sphere. Also simple compounds of sulphur must have been 
present as SO:,, SO.,~*, SO*"~, HjS, elementary sulphur 
and tliiosulphates. probably also CSj and COS. Elementary 
oxygen would probably be present only in traces in any 
early, preorganism, atmosphere, for the bulk of the oxygen 
without doubt owes its origin to the photosynthetic activi¬ 
ties of plants; this early atmosphere would not be of a 
strongly oxidizing character. 
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There would be some very unfamiliar conditions with 
regard to ‘ survival of organic molecules , both in the 
hydrosphere and atmosphere. Any molecules, which ha\c 
a surplus of free energy, are now soon destroyed either by 
inorganic oxidation processes by means of elementary oxy¬ 
gen, or through the destructive action of organisms, which 
are now practically omnipresent. As an example we may 
mention the transformation and ultimate destruction of 
nitrogen compounds by bacteria and by higher plants, 
arid desert conditions regionally permit the preservation or 
‘survival’ of nitrogen compounds, they may accumulate 
in bulk even now. The same holds also for ‘organic com¬ 
pounds. Methane, ethane, formaldehyde, urea. 
lainly many other organic compounds would now be cither 
metaboUzed by micro-organisms or be oxidized by the 
action of our atmosphere. In a-biotic times, such molecules, 
rich in free energy, might survive for long periods, accumu¬ 
late and thereby have chances of forming more complicated 
organic molecules by mutual interaction, for instance by 

polymerization. ... , . .u 

Thus in the a-biotic period of the history of the earth, 

before there were any ‘ scavenging ’ micro- or macro-organ- 

isms, aided by free oxygen, the chance of formation and 

survival of even complicated organic molecules would be 

far greater than at present. , 

By what processes can such molecules be locally collected 

and in some manner ‘organized’ in a state suitable for 
forming more complex aggregates? As a rule the organic 
molecules will be rare and so far dispersed from each other 
that the direct formation of crystalline compounds is very 
unlikely, because such a process demands the presence ol 
hundreds, or rather hundred-thousands, of identical mole¬ 
cules within a smaU space. But the adsorption of simple 
organic roolcciilcs from the atmosphere or from so u ions 
at the surface of phase boundaries may have been o ar 
, greater importance. Suitable phase boundaries occur c- 
* tween the atmosphere and hydrosphere or at the surface 



100 


NEW BIOLOGY 12 


of crystals of inorganic minerals. Such processes are 
familiar to the molecular physicist and to the crystal 
chemist. In this manner more or less orderly ‘systems’ can 
be formed consisting of monomolecular or oligo-molecular 
layers, representing two-dimensional aggregates of rather 
loosely fixed atoms or molecules, or some few consecu- 
ti\'e layers. These lajers can consist either of identical or 
of different particles. The particles will be assembled with 
regard to some similarity in bonding properties, such as 
their van der Waals’ forces, their dipole moments or ionic 
charges, or even the valency forces of free radicals. One 
most important factor for selection and arrangement of 
adsorbed molecules is their size and shape as related to 
tlie atomic arrangement of the inorganic substratum. Be¬ 
sides such two-dimensional layers of more or less loosely 
fixed molecules there certainly must exist some analogous 
linear phenomena along the edges of crystals, and this 
would make monodimensional strings or chains of adsorbed 
particles. These phenomena at the surfaces of growing 
crystals open up possibilities for the formation of new and 
more complex molecular combinations and associations 
within such surface layers and edge strings and in inter¬ 
action between the surface layers and their ‘basement’ 
crystals. Many chemical reactions leading to more compli¬ 
cated and otherwise ‘ improbable ’ molecular configurations 
may be initiated by processes of crystal surface catalysis, 
made possible by the considerable local fluctuations and 
concentrations of vibrational energy, which are possible in 
crystal lattices and which are well known from the theory 
of phosphorescent crystals. By interaction with the ‘base¬ 
ment’ crystal also such components as phosphorus, iron, 
calcium, magnesium, potassium, could be incorporated into 
the complexes of adsorbed molecules. Thus the temporary 
fixation of ‘ rare ’ molecules into two-dimensional or mono¬ 
dimensional adsorption complexes on the crystal faces and 
crystal edges of minerals would provide the possibilities of 
assemblage of even complicated organic molecules. 
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In this type of molecular assemblage there seems to be 
the solution of one great riddle with regard to the genesis 
of organisms, the origin of asymmetric synthesis in nature. 
Assemblage on corresponding crystal faces of enanliomor- 
phic pairs of crystals, such as right-hand and left-hand 
quartz crystals, would provide us with a most simple and 
direct possibility of localized separate assemblage of right- 
and left-hand asymmetric molecules. That of course should 
leave equal statistical chances for the formation of right 
and left molecules, but their formation would take place 
at different places and at different times and might give 
a considerable lead to one of the structural antipodes. Thus 
a separate localized synthesis of active molecules could 
take place and. as it will probably be an infrequent event, 
the one antipode could obtain an advantage in time for 
further molecular evolution before the other antipode had 
been generated. 

This concept of asymmetric synthesis in nature has the 
advantage of taking as its starting point existing, localized, 
asymmetric assemblages in a crystal of a very common 
mineral. Quartz constitutes about fifteen per cent by weight 
of the upper lithosphere and is often found in large right- 
hand or left-hand crystals. 

Some selective connexion between quartz crysUls and 
asymmetric organic compounds, presumably of biological 
parentage, is indicated by the queer fact told to the author 
by an experienced manufacturer of optical instruments. 
According to the experience of that firm, large clear left- 
handed quartz crystals were ten times as scarce as right- 
handed ones.* If that could be confirmed it might be 
caused by selective adsorption of an organic compound, 
inhibiting further crystal growth of quartz, giving right- 

• None of the British firms that have been consulted has found 
so great a difference in the frequency of occurrence of the two 
forms as this. They do, however, agree that right-hand crystals are 
a little more common than left, but a survey of large crystals does 
not seem to have been made with this point in mind. - N. W. Pine. 
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hand quartz crystals a greater chance of prolonged accre¬ 
tion. But some statistical investigations by Trommsdorff 
on the abundance of right and left quartz crystals, made on 
some thousands of small crystals, did not give any indica¬ 
tions of a selective prevalence in the material investigated 
of right or left crystals. 

The possibility of asymmetric synthesis, however, is 
probably not limited to adsorption layers on spatially asym¬ 
metric crystals like quartz. When only monomolecular 
layers of the crystal are interacting with the adsorbate, 
more symmetric crystals can exercise such actions, if ad¬ 
sorption takes place on an asymmetric crystal face. For 
instance any crystal face of albile (NaAlSijOJ would do, 
for it has pairs of faces with opposite signs of indices and 
on these right- and left-handed asymmetric molecules could 
build up. 

The hypothesis of asymmetric synthesis in adsorbates on 
asymmetric cr>stal faces or on crystals which, like quartz, 
are as> mmctric in tridimensional space is the most reason¬ 
able conception of a-biotic asymmetric synthesis in nature, 
much preferable to the very vague hypotheses involving 
weak elfects from the magnetic field of the earth or from 
fractions of polarized light in natural illumination. If mag¬ 
netic effects are postulated, adsorbate layers on natural 
lodcstones are more likely to produce asymmetric synthesis 
than the weak magnetic field of the earth. 

Of course, there is a great gap between even complex 
organic molecules, in orderly arranged adsorbates on 
crystal surfaces, and a ‘ living ’ organism. A transitional 
stage might be expected to be represented by autotrophic 
molecules or assemblages of autotrophic molecules, able 
to assimilate matter and accommodate it to their own 
pattern. The most likely substance to be assimilated is CO,, 
not only because CO, without doubt has been the dominat¬ 
ing carbon compound of primordial atmospheres, but be¬ 
cause the assimilation of CO, still is the common denom¬ 
inator of all living nutter on the earth. An important result 
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of modern biological chemistry is the conception that the 
accretion of organic matter is based upon the assimilation 
of CO 3 , by means of hydrogen donors, and this dependence 
on assimilation of COj may be a common inheritance of all 
living matter. 

What crystals may have been the active collectors of 
organic molecules or of their building stones? It is not 
easy to make a choice among the several thousand minerals 
of our globe, and for each crystal there is a choice to be 
made between the reticules or structural network as ex¬ 
posed on their various crystal faces. But one might make 
a guess at some likely compounds. Certainly crystals of 
ice, especially the light feathery snow stars with their large 
surfaces, might have been active, with their hydrogen bonds, 
combing the atmosphere for adsorbablc molecules. Another 
likely example is quartz, because of its volume asymmetry. 
Not unlikely, also, is apatite, which has a unique faculty 
of accommodating a wide variety of cations and anions, 
and also because ‘ symbiosis * between living organic matter 
and apatite crystals is still practised by a wide variety 
of organisms, from certain brachiopods to ourselves, the 
orientation of the crystallographic networks of the apatite 
being more or less rigidly fixed with regard to organic 
tissues. This holds also for calcite and the other crystalline 
form of calcium carbonate, aragonite, both in the plant 
and animal kingdom. The great phylum of echinoderms, 
except some few degenerate side lines, may be defined as 
symbionts between organisms and calcite crystals.* the 
organization of the living protoplasm with regard to the 
crystal structure of the calcite demonstrating a most perfect 
constructional adaption of organic life to interaction with 
crystal surfaces. Other possible choices are the various 
layer lattices of mica, chlorite and clay minerals, with their 
unique faculties for collecting and exchanging various ions 

• In the sea urchin for instance, each plate making up the globu¬ 
lar skeleton consists of a single crystal. - Ed. 



104 


NEW BIOLOGY 12 


and dipole molecules on their electrically charged principal 
planes. 

We can summarize the three main principles advocated 
here as operative factors possibly connected with the origin 
of organic life. The first principle is that an a-biotic environ¬ 
ment, poor in elementary oxygen, is suitable for the pre¬ 
servation and accumulation of many kinds of organic mole¬ 
cules. which in later geological times would fall a prey to 
scavenging organisms, especially to bacteria, or would be 
quickly destroyed by oxidation. 

The second principle is the collection, concentration, and 
ordering of such molecules on free reticular planes, crystal 
faces, of minerals, giving them possibilities for further 
mutual interaction between themselves and the ‘ basement ’ 
crystal. 

The third principle is the hypothesis that carbon dioxide 
(and its nearest derivatives) may be the main primary 
material. 


GLOSSARY OP TECH.SICAL TERMS 

Asymmetric synthesis. Molecules with a certain degree of com¬ 
plexity exist in two forms, the structure of one being related to 
that of the other as the right hand is related to the left so that 
each is identical with the mirror image of the other. Both forms 
often occur in living organisms, but as a rule each species uses 
or synthesizes only one. Such asymmetric syntheses are hard to 
manage in the laboratory. 

Dipole montent. A measure of the distribution and strength of 
positive and negative electrical charge in a molecule. Interaction 
with other molecules is related to dipole moment. 

Enantiomorphic. Existing in tw’o asymmetric crystalline forms, 
right-hand and left-hand. 

Hydrogen homl. Link between atoms or molecules formed by shar¬ 
ing a hydrogen atom. 

Hydrogen donor. Sec article by Fogg. New Biology, 11. 

Hydrosphere. The layer of water covering most of the earth’s 
surface. 

Ionic charge. Electric charge carried by an atom or group of atoms 
which has lost or gained one or more electrons. 

Lithosphere. The solid crust of the earth. 
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Magmatic. Magma is the molten rock beneath the lithosphere, This 
solidifies when it comes to the surface and gives magmatic 
materials. 

Oligo-molecular layer. Layer a few molecules thick. 

Phase boundary. Boundary between two different substances, or 
between two regions in different physical states. 

Polymerization. Union of small molecules all of the same subsUnce 

to form larger molecules. .... i,. 

Van der Waals force. Attractive force, usually weak, between mole¬ 
cules. 



Vital Blarney 

(Review by N. W. Pirie of The Physical Basis of Life 
J. D. Bernal. 80 pp.. 1951. Routledgc and 

Kegan Paul. 6s.) 

This book is a reprint of a lecture given in 1947 and 
inadvertently I have already ‘reviewed’ it; furthermore, 
parts of the ‘review’ unexpectedly appear in the appendix. 
They are taken from a letter of comment on the original 
lecture but the ‘ review * is incomplete because, having no 
idea that my remarks were destined for publication, not 
all of them conformed to current fads about printability 
or syntax. The remarks excluded were not invariably the 
least germane; a more carefully edited amplification of the 
original ‘review’ may therefore be permissible. 

Discussion about the origin and nature of life has been ij 
going on for so long that it is by no means easy to say 
anything original on the subject and unless one is saying 
something original, or correcting the more dangerous errors 
in the statements of others, there is little reason for increas¬ 
ing still further the volume of this literature. Before one 
can know whether a contribution is original it is clearly 
necessary to read what has already been written and this 
Professor Bernal has failed to do. Rather engagingly he 
admits, in the introduction to his book, that be bad not 
read Huxley’s lecture to the British Association in 1868, 
also called ‘The Physical Basis of Life,’ until after deliver¬ 
ing his lecture. There is no evidence that he has read the 
other four British Association lectures dealing with similar 
themes. These four; Huxley in 1870 on Biogenesis and 
Abiogenesis; Tyndall in 1874; Allen, using again the title 
' The Physical Basis of Life,’ in 1896; and Schafer on ‘Life; ^ 
its Maintenance Origin and Nature’ in 1912, are an essen- 
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tial prelude to any treatment of the subject. Later work 
has given us a few more facts, but these have not been 
unequivocally related to the origin of life, and the older 
writers showed an intellectual grasp of the essentials the 
problem that has not been bettered, or perhaps equalled. 

since. . , • i .u 

Although our problem is old its form has varied with the 

advance of knowledge. The ancients accepted, or at least 
did not contradict, statements about the derivation of frop 
and worms from mud. and Van Helmont s recipe for the 
production of mice from old bran and a dirty shirt is we 1 
Lown. This phase finished with the critical work of Redi 
and Spallanzani and with the growth of knowledge about 
the habits and life cycles of the lower animals. Technique 
was not yet well adapted for handling this type of problem, 
and scientists such as Boyle. Leeuwenhoek and Swammer¬ 
dam were content to say. in passing, that they did not be¬ 
lieve in spontaneous generation: they did ^ot study the 
matter in detail. The more poetically minded still adhered 
to the old view and Erasmus Darwin saw evolution starting 
more or less as we do nowadays: 

Without parents by spontaneous birth 

Rise the first specks of animated earth. 


At the beginning of the nineteenth century interest was 
concentrated on putrefaction because of the Practical prob¬ 
lem of the preservation of food. Appert described ih 
method of heat sterilization in 1810 but the issue became 
confused because of the difficulty of dislingutshing the 

effects of exclusion of oxygen from those of 
of the more or less hypothetical putrefactive agents. Pasteur 
co-ordinated the not always consistent results on the fil- 
traUon and sterilization of air that Schwann Helmholtz. 
Schultze. Schroeder and Dusch had published. He enun¬ 
ciated, with unexampled self-confidence, the view a 

, putrefaction was caused by micro-organisms ana a 

^ micro-organisms did not arise spontaneously un er 
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laboratory conditions, but he did not maintain that spon¬ 
taneous generation was in all circumstances impossible. By 
this time soups, meats, vegetables, and fruit had been canned 
on an extensive scale for fifty years by Appert’s method, so 
that it may seem that Pasteur was demonstrating the ob¬ 
vious. But there is always a lag in the apprehension by 
scientists of the implications of the practical man’s work 
and vice versa. Pasteur taught the scientists what the house¬ 
wife already knew. 

In spite of this knowledge and of the growth of bacteri¬ 
ology, aseptic surgery, and the other arts that depend on 
Pasteur’s point of view, Huxley and Tyndall asserted their 
belief that life had arisen spontaneously on the earth. They 
disbelieved all the claims for spontaneous generation in the 
laboratory but maintained that given time and the right 
circumstances it could happen. What more can we say now 
about the circumstances and about the character of the 
early forms? We have undoubtedly much more information 
bearing on the question of the origin of the earth and of 
the original state of its surface and of its atmosphere. As 
the years go by an increasing number of positive state¬ 
ments are made about these original states; but they are 
to a large extent contradictory. The earth is said to be 
derived by the condensation of a wisp of solar material 
and by the accretion of interstellar dust. Its crust is said 
to surround a ferro-nickel core; a core of hydrogen; and no 
core at all but just rock that goes through a transition 
at extreme pressures and so gives the appearance of a 
discontinuity in composition. Its atmosphere is said to be 
derived entirely from that part of the volcanic gases that 
our gravitational field has been able to preserve from dif¬ 
fusion into space; and to receive some supplements from 
space. On either hypothesis it is stated to have been 
originally nearly free from oxygen; the present-day oxygen 
having been derived either biologically by the action of 
early forms of plant life on COj, or by photochemical 
fission of water in the upper atmosphere with subsequent 
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diffusion away of the hydrogen and retention of the 
oxygen. The clouds in the atmosphere of Venus have an 
obvious relevance because Venus may be assumed to be 
in a more primitive state than the earth; they are said 
by some to be dust and by others to be polyoxymeihylene. 

All these, and many other views, are held by astronomers 
and physicists all of whom have an air of authority. We 
have, therefore, a plethora of miscellaneous information but 
as little knowledge of the environment in which life may 
have originated as Tyndall and Huxley had. The sceptical 
biochemist may be excused for thinking that dogmatism is 
not yet justified. In the last forty years the only significant 
new idea that has been contributed to the problem is 
Haldane’s suggestion that the primitive atmosphere con¬ 
tained ammonia and hydrocarbons, and that, in the period 
before living systems had evolved which could destroy 
them, a varied group of organic substances would accumu¬ 
late as a result of the ultra-violet light from the sun acting 
on this gas mixture and on the gas coming from volcanoes. 
Wisely he did not go into details; it will be time enough 
to try to draw a detailed picture of the origin of life when 
the experts have remained unanimous for ten years about 
at least the outlines of a picture of the environment. Physics 
is as fickle a science as any other and our picture is unlikely 
to be satisfactory if we rely much on the ‘ Stop Press news. 
Until we know for certain whether the original atmosphere 
contained significant amounts of oxygen and whether there 
were carbon compounds beside CO^. hypothesis will be in¬ 
distinguishable from speculation. 

The framer of a hypothesis, or speculation, about the 
origin of life labours under the diflicully, not only that he 
does not know what raw material he has to work with, 
but also that he does not know what types of substance 
he must arrange to have synthesized. Professor Bernal 
assumes that, in the beginning, proteins were essential. He 
assumes this partly because they are components of some 
living organisms now. and partly on the authority of Engels. 
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I have already argued against the dogma that proteins arc 
essential [hiodeni Quarterly, 3 NS, 82,1948) but the dogma 
dies hard and the case may be argued further. The state¬ 
ment that all living organisms contain protein is unproven; 
fewer than 0.1 per cent of the present-day species have been 
examined for protein, not many more have even been 
shown to contain nitrogen. It may well be that all present- 
day species do contain protein; this will demonstrate that 
protein-based mechanisms have proved more efficient than 
others and in the course of 2,000 million years of evolution 
have ousted them. Present-day conditions tell us nothing 
about the qualities necessary or desirable at the beginning. 
As Allen and Schafer pointed out, the original organisms 
had an empty world to grow in. Anything even remotely 
like them, if it arose now. would promptly be metabolized 
by one of the successful present-day types. Once a dom¬ 
inant line is established, based on any set of chemical 
substances, other species using the same substances are 
favoured. Few types of organism synthesize effectively and 
the others depend on the residues of the few for their meta¬ 
bolites. This ecological dependence leads automatically to 
a simplification of the chemical structure of any dependent 
group of organisms and all we sec now is the end product 
of an enormous period of simplification and selection. 
The first steps toward a system that we would wish to 
call living may have been, and may still be being, taken 
repeatedly. But if we set up experiments designed to look 
for such a step it is hard to know what change we should 
look for. It would be folly to expect elaborate organiza¬ 
tion. e.g. the mites that Cross claimed to have found 
craw ling out of electrolyzed silicate; it may be equal folly 
to e.xpecl protein. A few' million years may be needed to 
evohe as far as that. The minimum requirement would 
be tliat a system, poised in or on an energy flux (chemical, 
radiant, or thermal), should divert part of that flux so as 
to increase the amount of material chemically and morpho¬ 
logically like itself. Tiiis properly is necessary but clearly 
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not sufficient; it is for example, shown b>' many types of 
crystaUization. But life is not a properly of a system; it 
is a statement about our attitude of mind toward the system. 
If we wish to say that only systems containing what are 
now called organic molecules can be called alive we are 
unreasonably restricting the field. The process may just as 
well have started among the aluininates, phosphates, or 
cyanides. One thousand million years elapsed between the 
laying down of the Archaean rocks whose graphite content 
is generally taken as evidence of contemporary carbon- 
based life, and the first recognizable fossils. The period be¬ 
fore the Archaean during which water could he on the 
surface of the earth may have been almost as long. There 
was abundant lime, therefore, for selection to operate 
among the various possible colloidal and amphoteric sub¬ 
stances and lead to the movement of life into a more con¬ 
ventional chemical domain. ‘ It may be life, but am t it 

slow? ’ , I, , 

Professor Bernal is not content to dogmatize about the 

physics of the original environment; that he would be quali¬ 
fied to do and in any case it is traditional. He dogmatizes 
about biochemistry as well and his generalizations will 
surprise the biochemist. He is quite unaware of the Umited 
range of organisms with which we have worked. An interest 
in disease has stimulated a superficial study of mammals 
and pathogenic micro-organisms; an interest in food and 
drink, the study of a few higher plants and the yeasts; the 
attraction of a holiday in Naples or Bermuda has led to 
the study of a few marine invertebrates. But an ocean of 
living forms remains unstudied and even in the few we 
have studied we know only a fraction of Uie components 
and an even smaller fraction of what is going on. 

This little book, therefore, is unsatisfactory. It has been 
compared to Schrodinger’s book What is Life, but it is 
not as bad as that; it is at least, for the most part, about 
its ostensible subject and Professor Bernal knows some¬ 
thing of the matter. But he does not know enough to 
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contribute usefully. This criticism may be looked on as a 
simple example of the old injunction to the cobbler to stick 
to his last. To some extent it is. But such an injunction 
would not unreasonably restrict Professor Bernal. He would 
need as many arms as Briareus to attend adequately to all 
the lasts he is qualified to do some banging on. There 
are so many subjects - crystallography, politics, building, 
bomb-damage, ethics, history, etc. - on which he writes 
authoritatively and convincingly that we must put down to 
pure Irish whimsy his decision to write a book on life. 
So much has already been written on the subject that im¬ 
patience is justified at a contribution made up so largely of 
blarney. 


The Mode of Action of the 
Heart in the Frog 

C. E. H. FOXON 

Halj-tone Illustrations between pp. 64 and 65 

The ordinary frog. Rana temporaria. is so frequently used 
as a subject of study in laboratories of biology, physiology, 
pharmacology, etc., that it might be supposed that more 
would be known about it than almost any other commonly 
occurring animal. Yet it has recently been realized that 
certain widely accepted views as to the course of the circu¬ 
lation in the frog are actually incorrect. 

It is well known that in fishes the blood obtains the 
essential oxygen from the water in which the fish lives. 
This water, passing in through the mouth and out through 
the gill slits, bathes the gill filaments in which the blood 
is circulating. As the water passes over the gill filaments 
it is separated from the blood by only a very thin living 
membrane of cells, and through this membrane the oxygen 
in the water passes to be absorbed in the haemoglobin in 
the red corpuscles of the blood. The oxygen is then con¬ 
veyed to all parts of the body to be used by the tissues in 
respiration and the carbon dioxide evolved as a result of 
this respiraUon is picked up by the blood and conveyed 
by it to the gills where it is eliminated into the water. It 
is customary to call the blood which is conveying oxygen 
from the gills to the tissues ‘oxygenated’ blood; and the 
blood which is returning from the tissues, normally rich 
in carbon dioxide, ‘deoxygenated ’ blood. 

The heart is the organ which pumps the blood around the 
body and in fishes it pumps only deoxygenated blood. 
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as is shown in Figure 1. This type of circulation is called 
a ‘ single circulation 



Fig. 1. Fig. 2. 


Fig. 1. Diagram to show a ‘ single circulation the vessels carrying 
oxygenated blood arc white and those carrying de-oxygenated 
blood black. 

Fig, :. Diagram to show a ‘ double circulation The path of the 
de-oxygenated blood is in black. 


In higher animals, such as mammals and birds, where 
respiration is by means of lungs, the heart is divided longi¬ 
tudinally into two halves. One half, the right, is concerned 
with receiving deoxygenated blood from the body tissues 
and pumping it to the lungs for oxygenation, while the left 
side receives the oxygenated blood from the lungs and 
pumps it to the tissues of the body (Fig. 2). This is called 
the ‘double circulation’. For each blood corpuscle in its 
journey once round the body passes twice through the 
heart, once on the left side and once on the right. (Note: 
It is con\cnient to draw diagrams of the heart of verte¬ 
brates from the ventral view, i.c. as though the animal is 
King on its back, so that left and right, which refer to the 
left and right of the animal, are reversed in the diagrams). 

ovv m the course of evolution the sinde circulation gave 
n-sc to the double circulation i.s ob\iously a matter of very 
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great interest. A frog has a heart which is not completely 
divided into right and left halves and thus it is tempting 
to regard it as an intermediate stage betvNceii the single 
and double circulations. This is a view that has found 
acceptance for many years but which we now know to be 
incorrect. Before proceeding to describe how the heart of 
the frog works, it will be of interest to recapitulate the old 
story and then to describe the recent work which has given 
a new interpretation of its mode of action. 

The Structure of the Heart and Main Vessels 

A brief outline of the anatomy of the heart and of the main 
vessels is necessary for the purpose of our story. Figure 3 
shows, in a conventionalized manner, the heart with the 
ventral surface cut away so that we can see the interior. 
First, we note that there are two atria, right and left, which 
lead into one ventricle; the opening between them is pro¬ 
vided with valves which allow blood to pass front the atria 
to the ventricle but not back again. Secondly, we see that 
.. the blood leaves the ventricle through a large chamber, 
the conus which is imperfectly divided by a spiral ridge. 
Next, that the conus divides at its forward end into three 
main branches on each side. 

The blood from the general body tissues, returning in 
the veins, passes through an opening into the right atrium 
when the atria expand. The blood from the lungs passes to 
the heart through the pulmonary veins which open into the 
left atrium (Fig. 3). Thus when the atria arc expanded the 
left atrium contains blood from the lungs while the right 
atrium contains blood from the body tissues. As the atria 
contract the ventricle enlarges and the blood passes through 
from the two atria into the ventricle. The ventricle has a 
much more highly muscular wall than the atria as it is 
the chief pumping part of the heart. The muscle fibres 
which make up the wall of the ventricle are arranged in a 
mesh'Work of trabeculae so that the ventricle is like a 
sponge with a central cavity. Obviously the blood from the 
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Fig. 3. Conventionalized diagram of the heart of a frog seen 
opened from the ventral side. For full explanation sec text. Arrows 
show the direction of blood flow. 


left atrium comes to occupy the left side of the ventricle 
while the blood from the right atrium comes to occupy the 
right side of the ventricle. Next the ventricle contracts and 
the blood is forced out. As already mentioned, the opening 
between the atria and the ventricle is provided with valves 
which will not allow the blood to pass backward again into 
the atria, the blood is forced forward into the conus, which 
itself has a muscular and contractile wall. 


T he Old Story 

What happens to the blood as it leaves the ventricle is the 
most important part of the whole matter. The old story 
we are re-telling states that any considerable mixture in 
the \'cntricle of the blood from the two atria is prevented 
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by the trabeculae of the ventricular wall, and that as the 
ventricle contracts the first blood to leave will be the 
blood from the right side, namely the deoxygenated blood 
originally received from the body tissues. This blood, there¬ 
fore, is the first to pass into the conus. The conus contains 
a spiral ridge or valve which partially divides it into two 
channels. It is assumed that (i) owing to the position of 
the spiral valve, and (ii) the fact that the pulmonary circula¬ 
tion is small compared with the general body circulation, 
thus giving it lower initial pressure, the first blood to leave 
the ventricle will pass into the pulmo-cutaneous arteries 
thus going to the lungs, through the pulmonary artery, and 
the skin, through the cutaneous artery, for oxygenation. It 
is further supposed that as the ventricular contraction pro¬ 
ceeds the spiral valve changes its position, so that the blood 
from the middle of the ventricle is sent mainly up the right 
side of the spiral valve. At the same time owing to the filling 
of the pulmonary circuit, the pressure in the pulmonary 
vessels has risen so as to equal that of the general, systemic, 
circulation, so that this blood is sent mainly to the systemic 
vessels. It does not yet go to the carotid vessels, for at the 
bases of the carotid arteries are the structures known as 
the carotid labyrinths which consist of a network of blood 
capillaries and which are assumed to have the function of 
increasing the resistance to blood flow in the carotid or 
head circulation. Only when the pressure finally rises, with 
the ultimate contraction of the ventricle, does blood flow 
into the carotid vessels, and this, the last blood to leave 
the heart, comes from the left side of the ventncle. that is. 
the blood from the left atrium which is that which is re¬ 
turned from the lungs. 

By this ingenious method the frog s heart is suPPOsed to 
overcome the difficulty that the ventricle is undivided and 
yet attains something of the perfection of the dou e circu 

lation. . f II 

It may be noted that this account involves the following 

points which will be mentioned later. 
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Firstly, it is assumed that the blood returning from the 
lungs is highly oxygenated and that the blood returning 
from the remainder of the body is less well oxygenated. 

Secondly, that it is desirable that this oxygenated blood 
should be sent to the head. 

Thirdly, that blood first passes up one side of the spiral 
valve and then up the other side. 

Fourthly, that at each contraction of the heart the blood 
is pumped successively along the pulmo-cutaneous vessels, 
the systemic vessels and finally the carotid vessels. 

Fifilily, that the pressure is different in the three vessels 
just mentioned. 

Sixthly, that the function of the trabeculae of the ven¬ 
tricle is to separate venous and arterial blood. 


Doubts about the Story 

It is convenient here to turn aside and to try to see why 
the hypothesis just set out has been so universally accepted. 

It is now just about one hundred years since the hypo¬ 
thesis was first put forward by Briicke. At that lime little 
was known of the early amphibians and it was quite natural 
for a comparative anatomist to regard the living fishes, 
amphibians, reptiles, and mammals as a natural evolu¬ 
tionary series. 

In such a series the frogs would have to fit between the 
lishes and the higher animals and with their partially divided 
lieari it is natural to deduce that this heart would work 
in some manner akin to that of the higher vertebrates and 
would keep oxygenated and deoxygenated blood separate 
so far as the anatomical arrangements would permit. From 
such a viewpoint the hypothesis that has been outlined 
could easily arise. 

Ho\ve\cr, in the absence of conclusive experimental evi¬ 
dence it is desirable that any w'orking hypothesis should 
be checked by new evidence as it becomes available, and 
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it is most surprising that when the Lung-fish (of Africa, 

S. America, and Australia) were discovered to possess 
hearts which were divided nearly completely in both atrium 
and ventricle, the previous hypothesis regarding the frog s 
heart was not subject to a more careful scrutiny i an» in 

fact, was made. . 

While nobody supposes that the lung-fish gave rise to the 

amphibians, the fact that they have an almost completely 
divided heart makes it likely that those fish which did gne 
rise to the amphibians also had a completely divided hcarF 
Leaving pure comparative anatomy on one side. M 
turn to phyriology. The frog uses it^s lungs for breathing 
only under certain circumstances; while the frog 'S ‘it rest 
air is continually pumped into and out of the buccal cavity 
througrthe nostrils, but only rarely is it forced into the 
lungs. The moist mucous membrane of the buccal cavity is 
used as a respiratory surface. The frog also carries out 
respiratory exchange though its moist skin 
ably is the meaning of the copious supply of blood to 

the skin through the cutaneous artery. 

Thus it is by no means certain that a great diflcrence 
in oxygen content actually exists between blood from the 
lungs and blood from the body. Unfortunately, the oxygen 
content of the blood in these vessels has not yet been 
measured, but it is greatly to be hoped that ^ 

wiU be possible. On the other hand it is almost 
the results of experiments that the f^^S^oeyid itself 
most of its carbon dioxide through the skin must also 

reaUze that frogs normally spend a 

of time under the water; at such times skin respiration 

the only possible course open to them. 

AnotLr finding of the physiologists is just as mteres ng^ 

It wiU be remembered that in fishes the heart is ^l^al 6 
with deoxygenated blood; yet the muscles of the heart 
themselves require a plentiful supply of oxygen to carry 
on their work. This is provided by coronary arteries which 
run back from the giUs to bring oxygen direct to the heart. 
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In man the importance of the coronary supply is well 
known, for coronary failure is one of the most prevalent 
causes of natural sudden death. Yet the frog has a very 
poor coronary supply and those who have investigated 
it have shown that the single small coronary artery does 
not supply the muscles of the ventricle. The muscles of 
the ventricle are dependent for their supply of oxygen on 
blood actually passing through the heart. Thus whatever 
the actual oxygen content of the blood may be, it must 
suffice for the needs of the heart, and the fact that the heart 
receives its supplies in this way may account for the 
trabecular nature of its walls. The main function of the 
trabeculae may not be to prevent mixture of the blood from 
the two atria as is generally supposed. 

When we turn to the evidence supplied by fossils, we 
find that matters are not very clear, chiefly for the reason 
that the evolutionary history of frogs and toads is not well 
known. What can said is that the fish which gave rise 
to the amphibia were generally well covered with scales 
and that the loss of scales is a character which developed 
later. Thus skin respiration was most probably not used 
by the earliest amphibians. The modem amphibians, of 
which the frog is an example, are so unlike their remote 
ancestors as to suggest that they are not a form inter¬ 
mediate between fishes and higher animals but that they 
are a highly specialized type of life which makes the best 
of an amphibious life in which skin respiration is one of 
the most dominant features. 

To conclude this brief survey of points which may make 

us doubt the validity of the old hypothesis, it may be 

pointed out that several examples have been described of 

frogs with abnormal hearts in which the structure was such 

that the circulation could not possibly lake place in the way 

the hypothesis demands. These hearts by themselves prove 

nothing except that the method of circulation described, 

even if it occurs, is not necessary for the normal life of the 
frog. 
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Experimental Findings 

In the previous section we have given some reasons for 
approaching the old hypothesis with some degree, o 
ticism; in this section we shall review the aciua cxpe 

mental findings. h#* 

The first part of the old hypothesis to ^ 

tailed criticism of an experimental nature was lu P 
difference in pressure in the various vessels. Several workers 

have attempted to measure the actual ^^.^en Tr^ 

to the small size of the vessels involved, this tee" ^ 
difficult: however, the general consensus of opinion seem 

“S ffi^erence of actual pressure in the three 

(b) To dil^e" ce''irunut"f" movement of the blood in 
the three mam arterial vessels. .• c 

Of the various attempts to "'-ke direct observat.ons^the 

most convincing results are those ♦ f r, * nithed ’• 

a uniaue method of illuminating the heart of a 
L dS^rerratrfrog from below, while making observa- 

tions through a suitable binocular "blood 

”:ssr:p‘boffi nme^ang: 

‘sm^nnl^three main aneries. carotid system, and 

• ■ Pithed ■: a frog in which, "Coldblooded 

S'ffie''’fissr mi; coi^ide^^^^^^^^ 

ri,rs.;r.=."r.~ .s—...« 

considered dead. 
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are thus seen to be incorrect, it is conceivable that the 
arrangement of the parts of the heart in respect to c^h 
other are such that blood which enters through the left 
atrium might be sent to the carotid vessels, and blood 
which enters through the right atrium might be sent to the 
pulmo-cutaneous arteries. To test such an hypothesis it is 
possible to inject substances into the blood^stream and to 
find out where they go. 

This type of experiment has been carried out by several 
workers. Again the work of Vandervael is ouUtanding. He 
injected Indian-ink particles, in suitable diluUons, into the 
left pulmonary vein, thus making the ink particles represent 
blood corpuscles which had returned from the lungs. He 
found that after passing through the heart they were distri¬ 
buted to all three arterial vessels - the carotid, systemic, and 
pulmo-cutaneous. It is quite easy to see this in a heart 
illuminated from below. The present writer has again con¬ 
firmed this observation of Vandervael and has introduced 
the use of a ‘ micrometer injection apparatus , which per¬ 
mits of very small measurable quantities of injection fluid 
being put in. In this way it is possible to guard against the 
criticism that the pressure of the injection is upsetting the 
norma! functioning of the heart. According to the old 
hypothesis, of course, the ink injected through the pul¬ 
monary vein should be sent selectively to the head, but it 
can be slated quite categorically that this is not so. It is 
distributed to all the vessels, some being sent back again, 
at once, to the lungs. 

A second worker who has undertaken injection experi¬ 
ments is Savolin who has injected particles of various kinds, 
including starch grains, into a large vein (the posterior vena 
cava) of the toad Bufo bufo, thus representing blood return¬ 
ing from the general body circulation. After one or two 
heart beats the heart has been slopped and the grains 
recovered from the arterial \’cssels and a statistical count 
made; again it is concluded that there is very considerable 
mixing of the blood from the two sides in the heart. 
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However, it is one thing for workers to say that tliey 
see through microscopes in the confines of their labora¬ 
tories and another to produce evidence for inspection by 
all who care to look. 

Ordinary photographic recording is not possible, but it 
was realized that if, instead of injecting Indian ink. it were 
possible to inject a substance opaque to X-rays, then it 
would be possible to follow the courses of this radio-opaque 
medium through the heart and vessels. 

The first attempts at this variety of study were made 
by Foxon and Walls who injected the X-ray opaque 
medium ‘Thorotrast’ (which is a colloidal suspension of 
thorium dioxide) into the pulmonary veins of frogs and 
toads using the micrometer injection apparatus already 
mentioned. Then radiographs were made at intervals of a 
few seconds for about 15 seconds to half a minute, accord¬ 
ing to the rate of heart beat. These radiographs quite failed 
to show any build-up of the thorotrast in the head region 
such as would be required by the old hypothesis. In fact 
the thorotrast was usually first conspicuous by its shadow 
in the systemic arch, undoubtedly because this vessel is 
larger than the others. Then by the time that the thorotrast 
was plainly discernible in the head region, it was also 
visible in the pulmo-cutaneous vessels and the lungs, show¬ 
ing once again that there was no selection of blood for the 
head. 

One stage of the process, however, was not shown by 
these radiographs, namely precisely what took place in the 
heart. This has now become feasible because it has been 
possible to devise a simple apparatus which allows radio¬ 
graphs to be made at the rate of approximately three per 
second for a few seconds. As the heart of a frog may be 
expected to beat at somewhere between 30 and 60 limes 
a minute, according to the exact temperature of the room, 
it is possible to get some three or four radiographs covering 
each beat of the heart. This has now been done. 

When the radiographs have been obtained, it is possible 
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to Study them in a variety of ways, either directly, or by 
making enlarged positive prints, by projecting lantern slides 
of them and hnally by re-photographing each one some 
hve times on 16 mm. film and then projecting the film at 
normal speed when one sees a rather jerky but nevertheless 
helpful moving picture of the passage of the ihorotrast 
through the heart. This is not the proper place for the 
production of technical evidence but two radiographs from 
a series obtained in the manner just described are repro» 
duced in Plate 8. 

As a result of all these studies, it is seen that the blood 
from the lungs which enters the left atrium comes to 
occupy the left side of the ventricle and the blood from 
the body the right side; on contraction of the ventricle 
blood from all its parts is thrust forwards violently into the 
base of the conus arteriosus where considerable mixture 
takes place and blood from the lungs is then mixed with 
blood from the general body circulation and sent to all 
parts of the body. 

Conclusio/is 

It is now abundantly clear that the old hypothesis is a fan¬ 
tasy arising from incorrect deductions as to the functions 
of the various parts of the frog’s heart and also as to its 
evolutionary significance. 

With our new knowledge of the mode of action of the 
frog’s heart, it is necessary to make a new evaluation of 
the position of the frog in the scheme of things. 

One thing our evidence shows is that the heart of the 
frog does not represent an unsuccessful attempt at the 
division of the heart into arterial and venous sides. It seems 
we must regard the frog not as any form of intermediate 
stage between fish and higher vertebrates but as an animal 
suited par excellence for a true amphibious mode of life. 
It lives in water, or on land in damp situations. In response 
to life in this environment, it has developed an extraordin¬ 
ary versatility in its respiratory mechanism. As already 
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pointed out, the chief mechanisms are undoubtedly by wa> 
of the skin and the mucous membrane of the buccal cavity, 
and these are, under certain circumstances, assisted by 
lung breathing. What would be more advantageous, there¬ 
fore, than that the supplementary oxygen obtained by the 
lungs should be distributed to all parts of the body? No one 
has ever explained why the head of a frog should be pro¬ 
vided with a greater oxygen supply than the leg muscles 
with which the animal leaps, and as we have seen it is not 
so provided. 

The frog, then, is probably very far removed from its 
early amphibian ancestors; so far as its bony skeleton is 
concerned this is a well-known fact, and it would appear to 
be true of its heart also. 

The ventricle in the frog may even be secondarily single, 
though this is speculation. Such reduction of division of 
the heart would no doubt have come about in response 
to skin and bucal respiration which result in the blood 
returning to the right atrium being far from de-oxygenated; 
just as this is also reflected in the poor development of 
the coronary system. (In the newts and salamanders, repre¬ 
sentative of the tailed amphibia, abolition of the division 
has gone to even greater lengths, and some species have 
little or no division of the atrium.) 

Thus we come to regard the peculiarities of the frog’s 
heart as modifications in respect of a life in more highly 
oxygenated waters than were available for the earlier am¬ 
phibians. 

Lovers of the old hypothesis which, after all, was so 
neat, and which accounted for everything, will realize that 
in the new story there are several loose ends which need 
further work. One is the function of the spiral valve. Why, 
if there are not two streams to separate, does it exist? So 
far as can be seen its presence is mainly required for 
mechanical reasons; for example, it prevents the conus 
arteriosus from closing altogether and also provides a 
degree of mechanical support to the conus which ensures 
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that the main contraction is in its diameter and not in its 
length. Further by providing a rigid support it probably 
enables a greater blood pressure to be obtained by the 
contraction of the conus than would otherwise be the case. 

A second loose end is the function of the carotid laby¬ 
rinth. Recently evidence has begun to accumulate that 
appears to show that the carotid labyrinth in frogs may 
have a function akin to that of the carotid sinus in mam¬ 
mals. This, although it has to do with blood pressure, is 
actually a sensory organ detecting pressure changes. The 
action of the frog’s carotid labyrinth may be far removed 
from the simple mechanical interference with blood flow 
allegedly caused by the labyrinthine nature of the passages 
through it. 

The possession of two atria is another loose end. for. 
as lias already been mentioned, in some of the tailed 
amphibia an undivided atrium into which both ‘arterial* 
and ‘ venous ’ blood is delivered is seen. 

But these and several other matters require further in¬ 
vestigation. .'\t the present moment what can be said is 
that in the ordinary British frog, Rana temporaria, the 
edible frog, Rana csculcnta, and the common toad, Bufo 
hufo, there is no evidence to show that the heart acts in 
such a way as to prevent more or less complete mix ture of 
the blood returning from the lungs with that returning from 
the general body circulation. That this mixing should take 
place is In general conformity with our present ideas on 
the natural history and physiology of the animals in ques¬ 
tion and possibly in agreement with their evolutionary 
history. On this basis it appears likely that mixing of the 
blood lakes place in many modem amphibia, but it must 
be emphasized that the experimental results obtained apply 
only to the species actually named. 
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